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A flivewton mcdel system used for the study of anti-roll
stabilization of ships by activated tanks 1s described, ain
m ;he basic theory of the problem,‘oht-
lined in Part A (separately bound) of this report. Instrumenta=
tion problems and instruments develcped in connection with the
experizental program are discussed, Tests are conducted to
deteraine actual system parameters and transfer characterisfics.
Theoretical and experimental data are compared, Excellent cor-
relation is shown indicating that the linear theory is a useful
ool in dealing with the problem, The effectiveness of this
metnod of anti~roll stabilization is convincingly demonstrated,.

Wealknesscs in the model system are pointed out along with re-

comrenied improvements, r(
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I. INTRODUCTION

T~
This 1is the second of four separately beund pazia of 2
tachnical report covering studies at Stanford Univers’tuy of

probleiis connected wlth "Anti-Roll Stabllization of 3-ips Ly

%

ctivated Tanke", For the sale of completensss, thz vitles of

al

~—

four parts ere repeated belows

Part A ~ PFormulaticn of Proublem and Easic Theorw

Part B -~ Varification of Basic Theory t. Model Systenm
Studies

Part C Synthesis of High Pcrformance Systems

Part D - Preliminary Considerations ic the Design of
Full Scale Systenms

As indicated, this part o»f the report .3 coucerned nriparily
with verifization of the basic theory develcized in P2zt A, A
secoalary purpcse is to démonstrate tne effe vivensss of this
neti:od of Anti-Roll Stabilization, A S ten i namical nodel
3y35em is utilized for tnis purpose,

Bxperimentgl verification of any theory is a hizhliy de-
3irable goal, It is particularly desirable and inmportant in
conaection with "Activated-Tank Ship Stabilization®., Ia Part A
the theory was devéioped on an entirely linear basis., The
writings of N, Minorsky, (1), (2). (3), (%), (3), 63, are,
however, considerably differe~" .. approach, In thesa writings,
one gets the definite inpression that non-linearities in the

‘ + 36&5#»3 in zhntaiézs rafer to 1ist of réferences which
~ appesr at the end of the report,

¢ e e




system are of great importance in govervring its behavior. The
work of Minorsky in these references is cartainly valld based on
the assumptlons he umade concerning systenm behavior, It nas nol
been entlrely clear until now whether such assumptions are
necessary or warranted, If it can be shown that linear theory
is capable of adequately describing all importart phases of

systeom performance, then the powerful, well developad methods

of linear servo theory can be brought to bear on the problem,

In Chapter II there is given a brief description of the
model system. This is followed in Chapter III by a deseription
of the problems involved in develcping the instruaentatinn ne-
cegsary for conducting the experimental program and a brief out-
line of the resulting test instruments, The experimental pro=
gram 1s presented in three major parts, each with several sub~
divisions, Chapter IV covers static and dynamic tests of the
ship-~tank system, Chapter V covers tests of the controls, and
Chapter VI éovers tests of the complete system, In Chapter VII,
the results of the tests are summarized and conclusiocns are
drawn as to the usefulness of the linsarizad theory, and on the
effectiveness of the stabilization system, In addition, some
comments are made on areas of improvement in the control systen
and the way is pointed toward the subject matter of Part C of
this report which is concerned with the synthesis of improved
stabilization systenms,




One thing should be noted in ccxnrzction with this report,
It 1s written presupposing some knowizdze of zctivated-tank roll
stabilization and in particular, som2 ¥nowledge of pre-war and
post-war efforts by the U, S, Havy baszd on the Minorsky approach
to the problem, For a more datailed description of the model
system, the instrumentation used, an? the experimental methods

and data, the reader is referred to (7),
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II. RESCRIPTICN OF MODEL SYSTEM

The model system which was used as the experimen:al tool
in the studiss to be deseribed is shown schematically on Figure
l+ and pictorially on Figure 2 and Figure 3. Although this

1 systam bears little apparent ressiblance to an actval ship model,

its dynamic proparsies are such that its behavior can be taken as
a close approximation to that of a ship subjected to wave forces
causing rolling in only one degree of freedom. Approximations |
do exist of course, These will be discussed in some detail in
Part D of this report. Here it is sufficlent to note that the
equations developed in the first report are intended to closely :
describe the behavior of the model systen, . |
In describing the mncdel, the same loglcal sequence will be i
tollowed as in Part A, Spscifically, the regulated element, the

regulating element, and the disturbing eleument will be treated as

separate entities,

A, Regulated Element s Ship-Tank System

The ship-tank system consists essentially of two coupled

pendula, one inside the other, The external pendulum, Pigure
1.1*+, represents. the ship, It is free to oscillate (roll) in é

M All figures appear in back of text, | '

** Pirst number means Pigure 1., BSecond nusber Tefevs to item
on Pigure 1, Thus Pigure 1,4 means item ¥ of Pigure 1,

- [ . o e s e
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onz degrez of freedom around a flxed center of rotatinn cansisting
of a chafo, Figure 1.2, mounted in fixed pillow dloeck bhaarings.,
Keyed to cne end of this shaft is a damping paddle imcarsed in an
oil filled tank, The dawping bthus obtained represents the total
exbernsl skin friction plus bilge Keel domping of the ship, T
intesnnl pendialum conslists of fluid caused Lo nszillate between
two 2V x A' x 3 tanks, Plgure 1,10, 1,11, cross-conicciaed by a
59 0 1M Eransfar dnek, FPigure 1,12, Under stabilization con-~
ditions, the sscillation of the fluid pendulum 15 forced by a
varinble-pitch prepellor oump, Figure 1,13, located in one of the
vanks, The oump is driven at constant speed by a motor, Figure
1,17, through an appropriate gear train, Varintion of the pump
blade angle in resoonse Lo a control sisnal causzes oseillation

f the £luid pondulum, The vroblem is bto so phasce these onscilla-

o

Eions as Un always proluce terque on the ship eawal nnd opposite

to the tovrque produced by wave forces,

I3, Hegulating Blement 3 Tine Controls

The conbrol systcin consists primarily of‘a roll sensing
elerent, a voltage amplifier with adjustable phasing circuits,
a zarveo-moter driving a hydraulic power amplifier, and a feed
back selayn which provides a signal for proporticnal control,

The roll sensing element 1s an acceleroneter, Figure 1,16,

meunted direetly on the main pendulun shaft (see Figure 3). It

resnonds only to angular acceeleration. In Part A it was shown




that, for a systen of t'is

priuvary conbvol element,

oT the system, it

[V

rol clements to the accele

however, only acceleration

o

Lypry, an acceleroncter 1s the ideal

Lie

o inmprove the low freduency respoise

ws3ible Lo add position and veloeity con-

retion control, The model systen has,

control, As it exists, it may thsre~

fore stabilize arcund an averape angle obher than zero., 3Since

det

thie purponse of this program was not to redesign the nedel svstem,

no abttenpt was made to moedify its controls in any fundanental way.

™a offect of adding posit

my

covered in Fart €, The o

tan and valocity contvol is, however,

celervoncter movable alement has linked

Lo it a bueking ceil gsyst which moves in the field of a 200

eycle electromagnet wheni tne movable element is displaced by ac-

celeration, With no acceleraticn, the bucling coils nroduce zero

net voltage, VWith accelorn

tive wmodulated 200 cyele v
nut,
The anplifier wos de
Co, before World VWor IT,
shovn on Figure %, A sche
The primary Tunction ol th
trol equations
E=né
to be satisfied, n the ac

differentiating stuges, th
£ = m

tizn, the coils produce a phase sengi-

;.x.

2ltage whici s fed Uo the ameplifler in-

zigned and puilt by the Sperry Grroscope
bloclt diagram of this anpiifisr is
ratic diagran is shown on Figvre 5,

¢ amplirier 1s to ¢nable the baslic con-~

x(o(
val amplifier, bj provision of two
e control equation becomes of the form:

+nb + g8 - Kot

T IR it 4 W T A W i, i e 0

-

P T

P -
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It is possible to indecpendently control i anplitude of each of
LR S
the derivatives, In practice, the & facizr isc never ugsed, Refer—
. s e 45 fa o« Sy e ey - . t e
ring Lo Piguve vy At 1s gecn bhat the aczcolsrometer outpub signal

iz fed into L chunnels, One channel is o denodulzator bto allew
For two “ifferentiating steps at low froz.ceney, The other con-
siszts ol the amplifior stages, The diffeventiated sighals are
venoaulated and chen fed inte e gane ~nnlifier stages. The

Ry ar

ny o+ ng + G9 signal is anplifiad ond use2d Lo drive a 200 cycle

This motor is diroectly :surid Lo the control valve

300vV0 wotor,
which econtrols puup blade angle znd also to 2 selsyn which feeds
back to the input of the amplifier section a signal proportionzi

Lo puap blnde angle., Thus the net siznal being anplified is:

o

e

E N8 + g6 ~ K

-
where (¢, ——> 0

This makes Lhe bHlade ansle proporticnal 4o acceleration plus d-

vatives, [deference to the sechematic dizccom on Figure 5 indiecatas

that tha despdulator and ronmﬂulxuor cirenits are phase sensitive

rectifiers, Differentiation is outained by nsing audio trange .

Torners at very low frequenciesy 1in the regilon whero they provida

rouzhly 90° of nhase advance, Amplification is ncrf rned primarily

at the carrier frequency with straight forward treansformer coupl-~

iing used, Most important adjustments are fo obtain muximom notor

corque by proper phasing of the 200 crele amplifier output and to

the acceleromster and remedulator 2C0 eyele vol-

€A

Lages so &s to be exactly 180° out of phase with the feedback sel-

syn voliage iu crder te satisfy the control cquation,

-7 -
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The gervo-nmotor 13 a two phase, 200 cycle induction motor,
One phase is fed directly by the 55 volt, 200 cycle line supply.
The othear is fed by the amplifier output, The motor shaft is
geared Lo the hydraulic anplifier control valve,

A hydraulic wnover azplifier is used to control the pump

blade angle, Thne pisten of this awplifier is directly linked to
the blade .shifting mechanism so that motion ol the piston produces
a proporticnal motion of the blades, he hydraullc mechanism is
located on the top of the tank system as shown on Figure 2, A
sectionalized dlagram of the piston and control valve mechanism
alcng with the pump drive 1otor and mechanism is shown on Figure
6, A line diagram of the control oil system is shown on Flgurs 7,
The amplifier is essentially a "unity follow-up" system, Linear
notion of the control valve in response to a control signal
through the servo~mctor opens up ports in a cylinder fed by 100
psl oil, The ports, as designed, are opened in such a way as to
provide an vnbalanced pressure on the piston moving in the cylin-
der forecing it in the direction tending to close the ports, Thus,
the pistopn always moves in the same direction and by the same
amount as the valve (unity follow-up). Pressure for the system
is provided by a separats motor driven gear pump, Figure 1,21,
which uses the bilge keel damping oil tank as a sump, The pump
feeds oil to an accwmulator, Figure 1.20, which in turn feeds

the high pressure cylindep,

—————— ————
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isturbing Element 3 Stevenson Link Mechanism (Wave Forces)

C. D 7
tluve forces are provided artificially by a Stevenson Link

Mechanism shown best on the schematic diagram of Fighre 1, The

mechanism, as used ln the tests to be described, had only one
driving moteor which restricts its output to simple harmonie

motion, By varying the speed of this notor, a wide range of

frequencies can he generated, Amplilude of motion is governed

by mechanical adjustment of the linkage, Referring to Figure 1,
a horizontal sliding rod connected to item 4 is driven in simple

harmonic motion by tiwe mechanism, This rod is linked to cross

arn 22 causing to to rock back and forth, This arm is called

the wave slope arm, It is connected through a set of parallel

springs (Figure 1,3) to an identical arm keyed to the main shaft.
Thusy motion ol the wave slope arm creates a torque through

suring action on the ¢ ' 4 causing the ship to roll, The

ainzle from the vertical or the wave slope arm therefore becomes

the effective wave slope acting on the ship moudel, Springs are,

of course, necessary for coupling since under stabilization con-
ditions the model system stanis almeost still with the springs

alternately contracting and expgnding to take care of the motion

of the wave slope bar,

D, Concluding Remarks

It can be seen, even from this brief description, that the
model system incorporates all of the esssntials of an actual

L N 10 . ot s st
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To complete the picture, a transfer function

ship installation,
The dlagram is

block diagram of the system is shown on Figure 3,
complete with the transfer function notation to be used through=-

out this part of the report. On this diagram, the system blocks

A, B, C defined by Figure 6 of Part A are easily identified,

From Part A, Figure 6, it 15 seen that A represents the control

elements so thats

= . il e s e e x x . N . T it il e .
A= %~= —% . 5 . si . ii , %i = K#K5K6K7T3Gu(p)05(p)G6(p)G7(p)

Likewise, B of Part A, Figure 6, represents the active ship re=~

sponsej so thata

9 ) ]
p=oat ok B o ooy ()

Also, C of Part A, Figure 6, represents the passive ship responsej

so that:
]
= dl =

c = 7 = chl(p)
In this notation, from Part As

ein = Hypothetlical motions due to waves alone

8 ut™ Hypothetical moticns due to stabilizer action alone

We now have some idea of the physical system to be studied,
It is next necessary to consider the instrumentation needed to
carry out the experimental program, The problems connected with

the instrumentation and a brief description of the instruments

used are covered in the following chapter,

- w,




III., INSTRUMENTATION

A, Gensral Considerationg

In order to carry out the experimental program, conslderable
instrumentation is of course necessary, It was early declded
that the best way to properly determine relative phase and ampli-

tude responses of at least six different elemesnts of the system

would be to vecord them simultaneously and on the same paper. In

view of the fact that most frequencles of interest are less than

1 cycle/second, the Brush direct inking penmotor oscillograph
appeared to be én ideal recording instrument, The frequency range
of interest requires some clarification, /Lctually for steady
state sinusoidal response measurements, the frisquencies of inter=-
est lie well below 1 cycle/second, However; even under these con-
ditions the water flow in the tanks will undoubtedly exhibit
erratic motion due to closing of the duct as the blades go through
zero, In additivan, some chattering of the blades, valve, and
motor may be expected along with backlash in the gear trains., in
view of this, the instrumentation should be capable of fair re-
production of components up to at least 10 cycles/second, even
though for phase measurements the design is for ninimum instru-
mental phase‘lag below 1 cycle/second, Another imporca-* factor
was that the fact that there existed twin channel modei BL 201
Brush Recorders on tne Stenford Campus and in addition one six

channel Brush recorder, The choice of the recording instrument

- —
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dictated the necessity of deriving slectrical signals to actuate
the recorder, Also, it dictated the necessity of building DC
anplifiers to drive the r;Eorder channels, In view of the avail-
ability of the six channel recnrder znd the desirability of re-
cording sinultaneously several vhenczena, a six channel DC power
amplifier to drive the penmotors was built., Thus the frndamental
irstrumeatation, comaon to all msasurenents, required multi-
channel recorders, multi~channel 5C tower amplifiers to drive the
recorders, and an adequate stabillzel power supply for the multiple
amplifiers and other equipnent to bz used, Only a word need be
sz2id about the need for DC =zaplifiers as opposed to AC anplifiers.
we are primarily concerned with Srzjusacies frem O to 1 eycle/

sacond, No AC anplifiers exist -shick are useful in this range.

B, Recorders

These instruments are widelw 2::-n and are almost ideal for
the purpose of the tests to te dsscribed. They convert electrical
voltages as a function of ti-ie intc cermanent records, In thé
frequency range covered by this repsrt the pens respond with
negligible time lag, Pertinent datz =2re indicated below as a
matter of general interest, Mcdel =% 902 pemmotors are used in
each channel,

Froequency response - flat from 0~10 cycles/hecond, 1 db down at
cycles/second

Sensitivity - 1,1 mn/volt.
Paper 3peeds - 5 nm/sec, 25ma/sec, 125mm/sec,
Izpedance = 1500 ohms (resistived

-l2 =
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For the purpose of thess tests, great care must be taken
that pecns on all channels used simultaneously are properly
alizned, If this is not so, we rcad an apparent (fictizious)
phase shift linearly proportional to frequency and one which
changes 1n steps as one cranges paper speed, Egual sensitivity
of nens in each channel is not so lmportant as only relative am=-

rlitudes are neaded,

C. DC Power Armlifiers

The DC power anplifiers used are shown schematically on
Figure 9, The unit consists of six separate channels, five of
which are essentially identical with the sixth (channel §) hav-
ing been modified from its original form like the other channscis
to act as a pre~amplirier In order to provide the possibility of
greater vo'kage gain, The units (1, 2, 2 %, 6) are designed to
drive 3rush recording penmotors., As such, they are essentially
power amplifiers producing 15 volts acruss the 1500 ohm load of
the pznmotor windings, These channels have a voltage gain of
only 7.5 but have a power gain of about 10,000.

The only difference between channels 1, 2, 3, and chanrels
%, 6 1s the input arrangement, Chamiels 1, 2, 3 are designed to
take inputs directly from helipots whereas channels Y4, 6 are not,
Channels 1, 2, 3 can, however, be used as straight forward ampli-
fiers as well, When used with helipots, the voltages for the
helipots are derived frou the amplifier itself as indicated by

the input arrangement for chaanels 1, 2, 3,

-13—
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. Each of the channels 1s provided with a switch which grounds

the iaput grids to allow fer balancing the amplifiers to zero with

no signal in, A nicroamms*sr 1is used as the balance indicator.

: 1 I% can be switched across the two output cathode followers of each

of stages 1, 2, 3, %, 6 or the output to ground of channel § by

the channel balance selector switch., In addition, ecach stage 1s

provided with a 10:1 and 5:1 fixed attenuator as well as a galn

e BN e 4 N
- prpere
2

control, The input impedance of each stage is sufficiently high
(200K) to prevent loading of any signal of interest., The output

of each stage, except 5§, is taken from cathode followers and fed

e e o

to the penmotor windings, Fifteen volts will produce maximum
peak to peak pen deflection., The output stages, (except §), are
designed to overload if voltages much higher than 1& volts are

produced, This characteristic serves to protoct the penmotors

e
3

D

*'\'F‘"',vn'_r"“"‘ e A n

firow being over driven, This type of driviug output circuit is

now quitve common, The only item not perfectly straight forward

is the use of gas~tube coupling. The advantage of this type of

R el o N
} .

al

coupling 1s that it provides IC coupling without signal attenua-
tion, The gas tubes can operate at much lower current levels

'? (10-20 microamps) than normally used in voltage regulator cir-
cuits and still perform ~atisfactorily, The use of gas tube
coupling is discussed in detail in (8)., As shown on Figure 9,
R channel S has been made into a voltage amplifier, Its input
arrangement is the same as is in channels %, 6, The voltage di-
vider outpnt of the first 6J5 is experimentally adjusted to give

-1l -
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zero or slightly negative DC volts on the grid of the sccond 635,
The output arrangement of the second 6J5 is the same as for the
first, It 1s zevoed by Lhe use of the panel meter which is con-
nected betieen the output and ground, ihenbiased to zero, the oute
rut of ehannel 5 can he fed to the input of any of the other five
channels, It not only'provides pre~voltage amplification if neced-
ed but gives considerable additional bias control, The voltage

gain of channel § is 5.5,

D. DC Stabilized Pouer Supply

P-4

The schematic circuit of the DC Stabilized Power Supvly is
shown on Fizure 10, This is an entirely counventional supply and
incorporates only standzrd practices, In view of this it will
not be discussed in detail, The power supply is ratcd at 300V '
and 400 m.a. In order to obtain this much current it was decided
to build the supply in two equal 200 m.a, sections, Control of
voltazes to ard from both sectlions is, however, accomplished by
common switchesgy so for practical purposes there is onnly one
supply to deal with., The large current requirements are dictated
by the necessity of providing. power to the DC Power Amplifiers
and other equipments requiring stabilized voltage supply.

E. 8ine Yave Geneorator
In order to determine transfer characteristics of the

system components, it is desirable to open the closed loops and
test the component parts of the system with artificlial signals

- - 15 -
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derived from some cource which replaces the signal originally
obtained from the accelerometer, Also, in some cases, it 1s de-
sirable to test the system at frequencies higher than those which
are available from the Stevenson Link Mechanism, The form of the
artificial signal must be that of a 200 cycle sinusoidal carrier,
sinusoidally modulated at. frequencics ranging from O to about 8
cycles/second,

The S8inec Wave Generator used is shown diagramatically on
Figure 11, It consists of a DC motor whose speed is varied by
both field and armature control, The motor is geared down in
two steps, 120:10.92s51, Two selsyn motors are usedy one being

zoupled to the 120:10,92 shaft on the reduced speed side, and

<t

he other being coupled to thie 12031 shaft on the low speed side,
Both selsyn motors were designed for 115/907, 400 cycle input
btut are performing satisfactorily with the zvailable 55V, 200
cycle input, Input power is fed to the selsyn motors and output
1s taken from the stators. Under these conditions thzs selsyn
motors operate as variasble transformers as desired, The fre-
quency of modulation of the lowest speed selsyn can ba varied
from O to about 1,6 cycles/second and the higher speed selsyn
can cperate below 1.6 cycles/second up to 7.6 cycles/second,

This gives a .mtinuous range in available frequencies as high

as desired for most purposes,

-16 - ) T .
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F. Test Dempdulators

Two 1ldentical channels of demodulator circults are provided

and are shown schematically on Figure 12, The purpose of the de-
modulators 1s to obtain the low frequency modulation component of
a nodulated carrier to drive a pen recorder. In this case the
carrier frequency is always 200 cycles, and, depending on the

source, the modulztion frequency has components of interest mostly

below 1 cycle/sccond. Sources of modulated carrier signals re-

U ek A o 5 A S T o PP e (N A S o S 45 g

] quiring denodulation for purposes of these tests are the valve

‘ selsyn for valve position, acceleromester output for accelerometer
F H response, the Sine Wavs Gencrator for filter teg“s, amplifier

tests, etcs The circuit used is very standard and need not be

discussed in great detail, It is nothing more than a typilcal
phase sensitive rectifier,

In arriving at an appropriate time coastant for the filter
section of the rectifier the followinz criteria must be satis-

fied,

a, The resistance conponent must be small compared to the
input resistance of the load., The load is the input
grid of the DC power amplifiers which have 200K input
resistance,

b. The time constant must be as small as possible in order
to minimize phase shift in the frequenc} range of in-

. terest,
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¢, The time constant must be large enough to cffectively
filter the 200 cycle carrier,
A time constant of 0,1 seconds was originally designed for,
This was reduced to ,056 seconds after experimental check of the
demodulator performance indicated that KC = 0,056 seconds gave a

tolerable ripple, indicated by a slight thickening of the recorded

trace,
G. Te§t Eal;gl

For almost every measurement it was necessary to derive
veltages from several far removed places, In view of this, it
was decided tc bring the majority of the signals and pover supply
voltages that would be nesded to one place and sizply plug inteo
an approprizte socket to derive the desired voltage., The voltages
available are shown on Figure 13. This test panel installation

has paid itself back many *%ines,

H, Electrormaznetiec Induction Fl t

A1l of the instrimentation previously described represents
well known servomechanism practice and is the type of instrument-
ation required for almost any experimental program dealing with
servo devices, However, among the most important factors to be
determined experimentally in this program are those connected
with the dynamic characteristics of the flow in the tanks as a
function of blade angle, time and frequency, Of primary interest .

L4

is the relation between $, the flow rate, and octhe pwmp blade

- 18 -
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angle, It is necessary therefore to measure ¢.and conpare its

i ’ instantancous vulue with that of X and other s:stem components.

Sinece the flow neasuring instrument must glve z:3 accurate indica-
tion of hoth phase and amplitude of flow, the rszuirements to be
ret are quite severe, These requirements ares
a, The instrument must measure fluid velczities absolutely
linearly in the velocity range (+ 18)-2-(-18) feet/sec.
b. The data obtained should bve recorded si:ultaneously
with information on pump blade angle, tank position,
etc., to enable neasurcument of time ani/or phase lags.

¢, The measuring instrument rwust in no w2y disturb or dis-

tort the flow,

d, The instrument must respond gnly to fluid velocity‘and
must ot be sensitive to static or kinstic pressure
forces,

es The instrument should have instantanecus response and
not introduce any time lag of its own,

Two main factors are involved which greatly restrict the

cholce of instruments. First, the flow covers a wide ranga of
Reynolds numbers so that devices such as paddles, current meters,

and Pitot tubes operating on (velocity)? are ruled out due to

inherent non-linearity as well as non-constancy of the Reynolds
number over the range of interest. Second, the fluid is not
always mcving at a2 constaﬁt velocity but is usually accelerating,




In addition, the tanks and duct in which it moves are also
usually accelerating, and at the same frequency. Therefore, any
instrument sensitive to pressure not only resbonds to the level
of the liquid in the tanks and to the velocity head but is also
effected by the change in pressure caused by two geparate ac-
celerating forces between which it woald be almost impossible to

distinzuish, A current metering devica would seem to offer

‘proaise but the duct size is small and zlmost any such device
inserted into the stream would distort the flow., Also there 1is

no guarantee of its linearity over the entire range of interest,
Thus we seem to have ruled out all instruments upon which the
fluid acts directly with a force, Photographic methods seemed
highly undesirable, For one thing it would be necessary to inter-
pret and transcribe the information from the film after a trouble=
sone developing and printing process, Tor another, although 1t
would help us visualize the flow, it would be extremely difficult
to obtain a continuous measure of fluid velocity without tracing
individual particles in the stream, The photographic method was
used for tank level'metering by Minorsky (1), (2) but was url=
satisfactory for the reason stated abovs as well due to turbulence
of the fluid level and necessity of internolating trus level due
to t1lt of tanks, There remained an electromagnetic induction
method vhich was chosen for use since it appeared to satisfy ail
of the above requirements very nicely., This method is denribed
1o some detail ia (7) and (9), It will be described nm.;r m

B wm; here, S T R
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The method 1s based on Faraday's law of induction, A
voltage is induced In a conductor moving at right angles to a
statlc nagnetic fielil., At any point along the conductor this
voltage is proportional to the magnetie field strength, the ve-
locity of the conductor and the increrental length of conductor
under consideration, Theoretically, a coﬁductor is not nacessary,
A voltage will be inducedw;ndcpendnnt nf the condgctivifyuggrggg

moving material, In practice, however, it is desired to measure

this voltage, For this purpose it helps to have a high conducti-

- vity nmaterial such as water so that the amplifying means will not

load the voltage generating system, Refer to Figure 1% showing

a picture of the actual flowneter installation. Oscillating
flow takes place in the 5" x 11" transfer duct conneeting the

two tanks, The two radar magnetron type permanent magnets create
a nagnetic field through the lucite section of the duct at :ight
angles to the flow. Thus, when flow occurs, a voltage is in-
duced in the moving elements of water. This voltage is picked up
at two elecirodes located in the sides of the duct, Figure 15
shows a schematic diagram of the equipment assoclated with the
flovmeter, The signal voltage is superimposed on a polarizatiocn
bias voltage which is canceled out of the systeu., The a-c noise
on the signal 1s taken out by & low~pass filter. A chopper type
d=c amplifier provides the pre-amplification needed to drive a

—— - ————— — -t~ 2= -

d-c powsr amplifier which in turn drives the recorder,
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I, Concluding Remarks

The instrumentation briefly described in the preceding
sections was all carefully calibrated to determine the phase
and amplitude distortion introduced by the instrumentation it-
self, This information is not presented here but exists in de=-
tail in (7)., Suffice to say that the experimental curves pre-
sented in the following sections have all heen corrected when
necessary for instrumentation distortion.

We now know something about the system to be investigated,
In addition, the tools are now available with vhich to conduet
the investigations, The next step 1s to actually get into the

problem, This is done in succeeding chapters,
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IV, BSTIUDY CrF SHIP-TANK SYSTEM s THE REGULATED RLEMENT
~.

A, Notation znd Basic Equationg

It is intended to present the thecorctieal and experimental
results in dimensionless form in order to maintain genherallty
and prepare the way for later extrapolation of model systen
studies to full scuale studles, The analytical treatuent of the
ship~tank system presented in Part A has given us the expected
"form" of the characteristic functions and will enable us to
determine from the experimental results the various system para-
meters, The equati-ns of mntion of the ship tank system derived
in Part A are repeated below so that the meaning of the para=- |
meters to be obtaired is clear: ‘

For the ship (equation 1% of Part A)

(%7, + pB, + K00 + T +K) P =K V¥ (1)

tank water (equatisn 15 of Part A)

(0% + )0 + (0%7, + p By + K )= K¢ (2)

vheres -

(A1l definitions are such that the parameter times its

associated angle or its derivatives results in a torque

on the ship)

9 = Angla of ships’ mast from vertical

$ = Angle formed by line drawn between the centers of the fiuid
~ surfaces in each tank relative to a horizontal 1ine through

ehip

-2l -
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= Suiin friction parameter of ship to waves

s
Ks = Jighting parameter of ship with vater in tanks but duct
blocked
‘! Jt = lorent of inertla of water in tanks )
E ‘ 3. = Skin friction parameter of water in tanks plus dynanic
’ Y  head-loss coefficient of the pump
E « Kt = Torque on ship due to a head of displaced water in tanks
e Jst= Inertia coupling parameter betwrecen tank water -and ship
¥ Kp = Pump static head parameter
Kss= Sea-ship torque parameter

p = Ju Assuming steady shate sinusoidal behavior

Eafore setting down the equations 1in dimensionless form, it

seens 3dosirable to agaln define certain dimensionless paraneters
1lready defined in Part A,

Let:
p =

g

where g represents the rescnant frequency of the ship, Then

let us define another dimensionless ratio ass

w.
n_ = 52 where w, represents resonant fre-

r
quency of system element beinz con=-
sidered,

When considering the tank water for instances

o
O, =8y = a

®g
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It will be noted that P gives an iasigh

the natural frequency of the ship is
gives an insicht into the effect o7
of the shilp as well as the natural
sorent under consideration,

how for specific dinensionless paTan

SHIP TERMS

t into what happens when

changed, The use ofn.r

changing the natural frequency

frequency of the system com-

eterss

m,JS
Qg ¥ g~ = resonance factor of ship
s
w
= =2 =
flg === =1
s
/X
= 2
ws = J,.
2
TANK TERMS

,Xt = KE = normalized statiec tzrgue pa

raneter of tanks

normalized natural fre-
quency of tanks

S
— Lt _ tanlc natural fraguenc
O, =kt fraguency _
t wg ship natural frequency ~
wi Ky
Qt = —3;--= resonance factor of tanks

resonant frequency

UAL TE

rlst =

) " nan
w, _ ship natural Frequency

-

of tank water system

fQuencY - normalized
secondary re-=
gsonance fre¢-
quency
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K
wyy = ] = secondary r:isonance frequency

nowmalized wave siope torque parameter

Ap = Kg = nornalized purp torque paraneter

With notation vrell in hand, the next step 1s to put equa=-

tions 1 and 2 into rormalized form. This is a simple matter cof

algebraic manipulation, The result 1iss

2
(P + -Ql‘- P+ 1) + Xt[(ﬁp—-) +1]1 %= A_. VY a*)
s st

S3
N 2 2 ‘
A Lo+ 100 - ALy + g () + 21 =00 (@0

The first step in experimentation will be to determine iiie
static and dynamic paremeters of the system as defined above,
Having determined these parameters, we can compute the transfer
responses of different o2lements of the system and compare these
responses to the experimentally determined transgfer responses,

This comparison will provide a check on the validity of the

assumption of lineaurity made in Part A, The transfer responses

of interest in this chapter are those intimately tied in with
the regulated.element (ship-tank system)., These are defined on
Figure 8 ass

- 26 =
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15sive Ship Response

it

KiGy(p) = 0,/% =P
K202(p) = Sout/¢
K3G3(p) = $/oc

Ship~Water Response

n

H

Punp Response

There 1s much justification for considering the pump, duc to its
size, wetght'and costy, as p:rt of the regulated element rather
than as part of the c.ntrol elements which are in genaral small,
light and relatively inexpensive, In view of this we callt

9, ut/O¢ = Active Ship Response

K KBGa(p)u (p) =

To obtain Oin/}ﬂ 7o set o= 0 in equation (2'). This leaves

a direct relation betweea 2 and @, Elininating ¢ gives:

[F) + () +1]
Sn . Ags Me Gl —= ()
1. 2y 1B
Y (P 3 p+1)[(0 gy A n%)«»1]
To obtain Qout/cx we sot ¥ = 0 in equation (1'). This gives:
P
o (E)%+ 112 - (PP+ 2P + 1))+ 2By 1] (1)
A* ?{3' Qs flb U ?%;)

We now have the "passive®™ ship response and the "active® ship
resnonse, It remains to determine the transfer functions
Go(p) and KyG3(p) indicated above. To obtain K,G,(p) = eouﬂéﬁ,

we need only set ;1! = 0 again in equation (1'). This gives, froa

equation (1') alones
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Sout _ "'xh_{(h—;’;) + 1)
p (P2+-§TP+1) (5)
but fﬁ‘z p’(ésos
p 2
Sput _ ~ALILY + 1] )
¢ o P(P? + 51;- P+1)

Bhe derivalinn of 1{3\'}3(;;) ‘:}97'%, {p=ap respdnse) 13 a
little tricky. actuallry, if we set ¥ = 0 we can determine two
distinelly differeac finctions, both properly called ¢./O< o

One i.; obtained by blocizing the ship (9 = 0), This is the uni-
lateral transfer resnonse of the pump alone, If e leave the
snip untlocwed, then the existence of a value for ¢' means a
corresponding vorque on the ship causing it o roll, This rolling
nadifies the ¢' rrosucsd by the punp alone, That this is so can
be scen frcenm the fact Zhat, even with the pucp net running, we
can proiice = ;ZS. by rollinz %he ship. Thus ﬁ. obtained with an

" i

unvlocked ship is pot unilateral, Iu other words, the "output
is reacting back on the "input", We will stiil find the relation
/é/oc with ship untlocked an important relation in checking
our linear theory, It ;ill therefore be derived for both cases,

For the ship blockted case (8 ~ 0, ¥W= 0)

Equation (2') reduces tos

£ . Ap

CA W TS Y RN W
Alap® +aay + U
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% Faor shin anhlocked case (6 £0, ¥= 0)
g Squation (1') zives a relation betveen € and ;5 which,
g [
f when substituted in equation (2') an® revenivoring that ¢ =pg
&
é ¥ givess
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Tre ship-tonk systen pu-ameters zre now all defincd. We
hzve Jsrived the theoretlical linearized transfer functions of
the shire-tanl: system based on the linsar theory developed in
Part A, Our next step is the experirental determination of these
paramziers and of the “ransfer responses, In speclal cases, the
exrerinental wolnes Tor the paveneters will be checked against
theorz<ically calculated values, Tnece cuses will be confined
iater parameters such as K and wy, and to the mutual

parazeler Jst’ since, it is assumed that the primary problem 1is

to install stabilization systems on existing ships ory in any

case, where ship parameters are known in advance, If this is so,

in designing a system, it is only necessary to calculate the

paranmeters of the "added" systenm anﬁ how these parameters change
. the unzodified ship parameters., In zll cases, theoretical apd

experi—ental transfer responses will be compared,

- 29 -
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B8, Determination of Static Parameters

Referring to equations (1) and (2), there are four statie

paranetvers which nust be determined., These ares

Ks = Rizhting parameter of ship with water in itanks but
duct blocked

Kt = Force on shin due to head of displaced water in tanks

Kss = Sea~-Ship torques parameter

Kp = Punp static head parameter

For expecrinental detcinination of the static parameters it
is useful to look at the static equations of the ship~water system
as obhSained from equations (1) and (2).

For Shivp

"Torque" + K, 6 + K, Sb = K o y

For Water

Ko 9+ Kt¢ = KpO(

"Torque™ refers to scme known force applied for purposes
of calibration, By holding appropriate angles constant, it 1is
simple to separate the eflects of the individual parameters,

The test set-up invelved applying a known force by means
of a spring scale and pulley arrangenent at a fixed distance

from the ships center of rotation.

1. Determination of Kg- Experimental

K y being a ship parameter, has not been determined
" theoretically, It is not deternined directly experimentally,

It is possible, however, to determine K K¢ directly and Kt



TN AR e ot

o %

-ylh -

direc:ily. IFrom these, KS can be determiaed indirectly., Here
the experimental deternination of KS - Kt will be described,

If the duet is left open and ¥ is constant, then g = - @
at zero frequency if punp is off, Then the chip cguation re-
duces tos

(K; - K,JAae = ATorque

This weans that all we need do Is apply known torques to the
ship and cause it to tilt to differont angles to determine

K -x7T

" g+ From these tests, the averaze value of K = K¢ 1ss

3 by £8 _
(K - K.) = 4,20 x 1¢° radian . average torque/radian

The value of Kt obtained in the following section 1is
Ky = 1,25 x 103 1b, £t average torque/ralian of

radian
=4 - 3 IS 3 _ 3 ib, ft
so Ky = %.20 x 107 + 1,25 x 10° = 5,45 x 10 Tadian

2. Determnination of KL

a, Ih:oretical
In Part A, the theoretical equaticn for K
is given ast
- 2
Kt = Z/QAOL
where A = area of tanks = 1,92 ft.2

L = distance from center of rotation to center of
tank = 2,29 ft,

P = density of water = 624 lbs/ft3

——

+ 'As previously indicated, those readers interested in specific
data must refer to (7)., The loan of this document can bLe

arranged,

- 31 -
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so K, =2 - 62.% 2 1,92 x (2.29)2
1.25 % 103 1b.ft/radlan

t. Bxperinental
for this test @ and P are held coastant and
Lorque and }5 are varied, The ship equation reduces tots
K,A@ = ATorque '
Procedure 23 Lo vunp water te differant levels in thé tanks and
mecasure the torque required to rostore the ship to its reference

positicn, 3xnerinental data give an averaze value for Kt of't

K, = 1,25 x 103 -1-b—b.~,f-§ = average tocrque/radian of ¢ -
radien

3, Cztsrmination of Kss," Bxperimentsal

For this tests © and ;5 are held constant while
"torque" ari YW are varied, The ship equaticn reduces tos
7. A Y = Atorque
3]
The procedire vas to measure the force required to restore the
ship to a tnown position after varying the wave slope angle }0.
verage value for X of

Kss = 1,32 x lO3 lh*~§§ = averaze toryue/radian of 3” .

%, Determination of K s~ Experimental

For this test, @ and Y are held constant and ¢
is measured as a function cf &, the puup blade angle, The

tank water equation reduces to:
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In o-der to get sufiicient range for ¢', the ship was tilted
initizlly and all sut:zequent neasurencnts were corrected for
this iilt., The procedure was to varf the pup blade angle ocand
neasure the corressonding level of the water in the tanks, "Ex-
perimsntal data are rlotted on Figure 16, As can be observed
fro:z this plot, Ko/Kt is not very constant cxcept for blade angles
from roughly O to fo cdegrees, Under stabilization conditilons,
the pump blade is vurring between the linizs ¥ 5 degrees on the
average, depending on the frcgyuency., In view of this, a fairly
arbitrary 2vcoraze slope at X = 5° was dravn and this was used to
deterzines

Kp/Kt = 5,6

From this we get:
K, = 5.6 K, = 7 x 105 2ReLh

P radian
5, Sumnary and Discussi Results cn Static Parametersg
Theoretical Experinental
K, None 5.45 x 103
K, 1.25 x 103 1.25 x 103 all results in lb.ft.
dian
3 1ra
Kss Rone 1.32 x 10
Kp None ' 7x 103

~ 33 =
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Using the experimental values, we get for the dimensionless

parauneterst
~.
)s = Ks/Ks =1
)\t = Kt/Ks = 1,25/5,45 = 0,23

>
0
/73
!

= KSS/KS = 1,32/5.45 = 0,242
Ky/Kg = 7.0/5.45 = 1,28

»
i

It will be noted trnat the theoretlical ard experimental. values
for Kt agree exactly, Close agreensnt should be expected since
this calculation involves llttle anproximntions, The value of
Ap above involves a considerable approximation, since obviously
it 1s only an estimated M"average% value, It will turn out, how=
ever, that the nature of the dynamic pump characteristic is such

that this approximation, which now night appear excessive, does

not seriously effect the final results,

C. Detecmination of Dynenic Parameters

Referring again to equations (1) and (2), there are two
dynamic self parameters in the ship equation, two in the water
equation, and one mutual parameter, the same one, in each equa~-
tion. It is possible to determine these parameters, first by
isolating the ship and water system and treating them as separate
entities, and second by cperating as a coupled system, In what
follows, it is first assumed that the experimentally determined
transfer response has the same functional form as that predicted

by the linear theory. If this 'is so, by a prccess of curve

-3 -
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fitting we can determine the system parameters, Using these para-
meters in the theoretical equations, we may plot the theoretical
response of Lhe system, This is then compared to the experimental
response on tine same graph to give an inilication of the validity
of our assumption of proper "form",

1, 3Single Desrvee nf i'recedom Tests

The isolated system experinments ceme under the heading of
single degree of freedou tests, Dy blecking the duct, we elini~
natc water ﬁotion, and by blocking the ship, e eliminate ship
notion,

a, ZIhe Ship Svstey

The is0latzd ship systenr is eszentlally a simple
pendulun with viscous douping rotating at small angles around a
fixed center, Therefore, its response is well known,
i. Theory (Steady State)
With the duct bloclzed the ship equation 1

reduces tos

8. _ >‘s§
P rPegre1
s

Therefore, if we determine wg by experinent ve will have Jg

since we have already determined Ks by experiment, We can decter-~
mine Qs by experiment, This together with wg and,Js will give
the value of Bs' From the experimental results of the following

section, the values of the parameters ares
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g

s 728
wg = 1.39 radians/sec,
2
_ . 3 1b,ft,see”
Ty = 2,83 x 10° Spapnet
- 1er LR, ft,sec
Bs =15 radian

Substituting these values into the ahove theoretical equation

- A'ss 7
F o
Y 1~ ()" +3%

Theoretical values of 6/¥ as a function of frequency,
deternined from the atove equation, are plctted on Fizure 17 as
A 30lid line, Pcints shown on this tigure represeat experi-
neantally deternined values,

Before proceeding to the deternination of the dynamic para-
meters used in the theoretical equation and of the ziperimental
response for o/Y y W& will consider the transisnt theory of the

single degree of freedom systen,

i. ZTheory (Transient)
With the duct blocked, the ship system is

analogous to a L-R-L series electrical circuit, In view of this,
the tweatment in Rzmo-Whinnery (10) in defining the system Q, 7( +
and 8 will be followeds:

* The attenuation constant is designated as »7 here instead of

o¢ as in (10) to avoid confusion with the blade angle designated

as ok in other sections of this report,
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The angle =7 roll at any time will be zlven by
- -7t
8 =8, e 1° cos (ws t)
8 1ic the initial ongle ¢ tilt
7 13 the attenuation censtant

The enersy in the systen is:
2
1 =27t
U==2J, 80 e
2°s "o q
Por smell damping, the negative rate of change of this
stored energy cver several cycles is the average energy dissi~

pated/second;

1
910
g =]
i
0
4
N
~
[en]

so 71 =5

iiow deine the sysien % (quality facthor) ass

9 = (enerzy stored) - fﬁg
s s (energy cis:ipatzd/second) Wy,
(]
L Ae¥ele] - -
LY MRS - l}
1 =3,
The damping can be described in terms of a damping de~

crement de®ined ast

5

i
-
1
o

then 6

ft

o Rk S W
‘Qs s  2Q f Qs

showing the simple relation between é and Qs'

In terms of the systen conztants, solution of the

single degree oi frecdom ship equation givess
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from before

~
f
Ls

~“s ]
and w's = g J/i - (5%')2 = resonant frcequency of danped ship
s system

/K
3 3§ = undamped natural frequency of ship system
]

€
n

The tools are now available for experimental determination
of the single degree'of freedon system paramnclers and the trang-
fer respbnse.

ii. Experiment

Two experiments were run to determine the ra-
spoase of the tank system with the duct blocked, The first e~
periment consisted of driving the-kank system sinusoidally by
means of the Stevenscn Link umechanism through a range of fre-
quencies below and above resonance aﬂd recording the amplitude
of rolling in response to the foreing wave, The second experli-
nment, one which ylelds essentially the same information but
which provides a good check on results, consisted of simply tilt=-
ing the tank system and recording the resulting damped sinusoidal
necillation, Both measurements give a measure of the natural
frequency of the tank system with and without damping, the damp-
ing decrement, and the Q of the tank systenm,

Steady State Respnonse
From the steady state response plotted on Figure 17

it is seen that the resonance occcurs ats

T, = 4.5 scconds
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This 1s a very sharp resonance and the value of fs = %; = 0,222
cycles/second can be re}ied on, To obtain the corresponding
value of Qg the most effective method is to match th;\experi-
mental data with the theoretical data for differant values of Q.
By this method we obtain a value of:
Qg =25

Iransient Response

From the upger damped .escillation curve.of
Figure 18 the following constants are determinads

Ty = 4,50 seconds (average)

S0 O.)'s= %E = 1,39
S
_ 27,9 -~ 25,0 _
8 - 27.9 - 0.10""
and Qs= ~:S!-=5-.—1{6q=30

ol

also o 3 = o', = 1,39 within experimental
S J1- (gg) s error

111, Results

From section B-l we found experimentallys

5.45 x 103 ft. 1b,/radian

=
1]

3
From section C=1 we havet
O)s = 1039
Qs = 25
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Using these values we zZets

K = v 103 i can 8
s . 845 % 10° | 5 o3 o103 lbuStasec,

Jo o2 5 = -

~ a)su. (1.39)2 l‘ddian
B = wSJS -

s Qs

o 1b,.ft,.see,
radian

"

139 x2,83x 103 _ ..
= 2 - a

Cie

It will b= noted that the cheei cetween transient and
steadf state tests of the natural frequehcy of the system 1is
quite gool &3 cxpected, The value of Qg obtained from steady
state tests i1s used since it is the vzlue which watches most
closely witin theory. This 1is 5orne sut in other experiments as
well, Study.of the transient »ollins record clearly indicates
that, in this :-stsm, B, 1s a non-ceistant coefficient, This
will proba=ly be equally true for “ull scale ships, Fortunately,
for hizh 3 zrstoms sach a3 this or aa actual ship, variation in
B_hag nezlizible effect on stabilization performance., In fact,
the warxz of Part C of this report is greatly si.plified by as-
swning Qs = oo, hat this simplification has considerable

Justificaticn can bhe easily seen by vutting appropriate numbers

]
11&1‘.1’13—--;53l ¢=

b, ZIhe Water S

‘
WA e e

o equation,

If we assune linearity, the water system is also
closely analagcus to a simple pendulum, Its response will also

be of the same well known form,




e

i. Zheo
Witz the.ship blocked, the water eéquation be-

coness 2 _"
(p°F, + 23, +K ) B = K, &

This red.ices tos

. PR

This equatlion indic=tes that if we study the steady state
yf/cx response we cail zscertain the value of wp = oy and Qp = Qt'
For a low Q system suci: &s this we can expecit more accurate
values for resonant fra:zency from transient tests of tank water
cscillations,

From the experinmenizl results of the following secticns,
the values of the parazesters ares

1.27 radians/szac

p =
J, = 0.77 x 103 1n. f£t. sec.?/radtan
B, = 5.05 x 10° 1&, rt. sec./radian
Qq = 0,19 )

substituting these values into the above equation givess
g " 0309 1 <f}f£5§?3 + 35,16 (£/.203)

Theoretical values of Sr are plotted as a function of fre-
quency on Figure 19 a; 2 solid iine, Polints shown on this figure
represent experme};tally daternined values,

-hl -
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Jt 13 a parameter which depends on the "forn" of the tank
water gystem, In Part A it is shown that

’

T, = 21 gl Where T, = &L = 2L

O ./Kt7.rt
3
ans 8! = S %& ds
0o

Since we already know Kt’ if we calculate Tt we are effect~
ively calculating Jt' The calculation of 8' is given in Appendix
I. From this we get 8' = 36.% ft, sos

T, = 2n’¢-%€fE = 4,72 seconds

i1, Experiment
Steady State Tests

The ship was blocked and the water osciliated
by driving the pump btlades with a signal derived from the sine
wave generator. Values of ;’ and ot as a function of frecuency
are plotted on Figure 19, It can be seen that, due to thc ex-
tremely high dynamic-head-logs coefficient of the blades, the

value of Qt is very low. From this test the apparent frequency

of maximum oscillation amplitude is:
£, = 0,25 cycles/sec,
The system i3 so highly damped that it 1s useless to try to

deduce the "true* value of ft from this data, We will rely~ou
the transient tests for this,

k2 -
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Thie value of Qt is obtained by using the value for Wy ob=
tained from transien§ tests and then looking for a value of Qt
which best matches the experimental data., A value ofs Qt = 0,19
appears to be the best match, It givaes about :he minimum inte=-
grated error over the range of frequencles covered,

Iransient Tests

In the rirst test, the pump was run at large
blade angles and then stopped as rapidly as possible by braking
the pump motor flywheesl, Under tais condition, the water under-
goes a damped oscillation which can be recorded on a2 Brush tape
by means of the flovmeter, This informaticn girses the natural
frequency of the water system and glives a good :ndication of the
damping of the tanks alone, without pump action., The data tabu-
lated below wcre obtained from a serlies of such transient tests

at different blade angles:

Experimental Data For Variation of Q' With Blade Angle(ship Blocked)

o & . (damping ) L3 Ty Qg
(gegrees) (decreuent) (gzeg) (seg) —_—
30 . 0.0%6 k.9 4.9 11,0
25,2 0.068 4.9 4.9 7.3
19,6 0,077 4,94 k.92 6.5
1,0 0.01 5.01 4,97 5.0

so average T, = 4,92 seconds

or f, = 0,203 cycles/sec,

Ll
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Note the variation in Q', (withuut pump action), with blade
angle due to increased throttling of the flow, Apparently, the
value of Q't for the tank system without pump installed would be
something greater than 11,0, but probably not much, The great
amount of increased "effectlve" damping created by the dynamic
head loss of the blades when they are moving is apparent from
coumparison of the Q*s determined here as compared with a Qt of
0.19 from the steady state tests, --Attempts to deternine, by
transient test, the damping with pump blades rotating were un=-
successiul, We must rely on the Qt obtained in the rreceding

section to get the value of Bt'

1ii, esul

wy = 1,27 radians/sec
2

_ 2_1,25 3103 _ 1b,7t,see,
Iy = Kpfw = 122 71 S idian

w,.d :
5, = %t - 27770 - 5,05 x 103 Lafbusecy

Qt = 0,19
It will be noted that the following values have been ob~
tained for th

Theoretical t, = %,7 sec,

Experimental T,= g = 4,9 geec,

~ These values check quite well considering that the theo~
retical value of ,t was obtained by an app~oximation method,

u“.
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Inspection of Figure 19 makes it quite clear that the

values 1lndicated above for Qt and Bt are only approximate and re-

present an “average" of a sort., The lower frequency portion of the

experimental curve indicates a hizher effcctive "Q", This is to
be expected since, at the lcwer freguencies, it was necessary to
drive the pump blades to higher anzles. Thus, on the average,
the duct was qider open ror greater pericds,.iy:sulting- in a higher
apparent "Q", It is apparent that this is not a constant resist-
ance pump since Bt depends on blade angle, What wiil be of in-
Lterest 1s, taking an average Qt = 0,19, can we still predict
system performance? This remains to be shown,
2, Tup Dezree of Freedom Tests

Two degree of freedom tests ¢onsist of operating as a

coupled systsxz with both the ship and the water free to oscillate

with mutual in*eraction,

The nutual courling parazeter J_, is the last dynanmic

parameter left to determine. It can be obitained by measuring the
so-called coupled system "secondary ~esonance™ frequency to be
discussed below:
a. ZTheory
Equation (1) for the ship becomess
(0?3, + pB, +K)) 0 = - %I, - K) ¢
where ¥ = 0, (i.e. self-rolling in still water.)
The right side of the above equation reduces to:
“K (- -“’-?—2- +1)
D5t
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where wg = Kt/Jst

Note that at a freguency w = Ogts the net force on the ship

e N R P

i5 zero. This cendition is referred %o as "secondary resonance',

; As can be sceen fron the equation, it occurs when the torque on

i‘ the sliip due to a static head of vater is exactly cancelled by
é the torgue on the ship created by the kinelic couple resulting
i from acceleration of the water,
3 N ° . )
g Froa the resulbs of Part A, it Iz possible to calculate g4
1 Troms
§ JET 25
i m = o7 8o lers St = —2 3
: st 2 Y whers S 1 ¢s
: (o]
SX
ﬂ The calculation of 8'! is given In Aprendix I, For the
0
b result we have:
i stf = 11,1k ft,
4 - P 11,14 - n
i so Ty = 2w S 2,61 sec.

b, Experiment

—end Ea

L R B ten
1L ucverniinue Lust, Vil

irst step vas to cstablish

~
<

a standerd water level (about half way up tanks). The ship was

then caused to roll by driving the pump with a signal derived
from the sine-wave generator. As the frequency of pump drive was

raised, a pcint was reached where the static force of the water

y was counteracted exactly by its kinetic force which, in the model
system, at low frequencies, acts in the opposite sense, At this
. ‘ frequency (secondary resonance) the water is oscillating vigor-

ously in the tanks but there is no detectahle rolling, Actual
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determination of Wy vzs 77 l2 by observing the entput of the
accalarometer which is a ‘-2 nmore sernsitive indication, From
this tests

Tyy = 2.6 seconis

=& = 2.4%1 --dians/secc,

fi

V]
S0 (St

1

N
N

o

s . 3 i 2
ot l.22 x 107 3 1h,ft,see
and T = 3 T 0.216 x 107 “=rme

The value of Tst ob: izl cxperirsntally agrees very well

with the theoretical result.

Y, Swuiiary oni Discizston of Resilts on Dynonmice Parameters

3 hi - L R ] .-
Final experizcatcl walues o

& sysgrem dynonic parameters
are listed below, These —wwluos will te used in calculating theo-
retical transfer respenses =f the srysten in following chapters,

- 2

1>, ft,.sec

R TN AN
2836 r»2dians

Ship 7
5 = 157 Lbaft,sec,?
s radian
Q =25

_ <+ o I2dians
Wg T Le3¥ Tgec

g =1
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B, = 5050 %&'{ﬁ‘%
q = 0.19
w, = 1,27 LQC}%%!L%
Ly = 0,92

Mutua
wgy = 2.41 -Ii%i-;‘.ﬂ.i
O, = 1.73

Determination of the ship dynamic parameters was simple,
as Lhe ship, (with duct blocked), is a simple pendulum, Although
the damping parameter BS is not constant, it 1is sufficiently un-
inmportant to the final results so that its variation can be ne-
glected,
Determination of the water parameters was a much more
difficult problem., It iIs clear from the results that the skin
friction damping of the tanks and duct 1s negligible compared to
the dynanic head loss of the pump, The parameter Bt is not
constant but varies with blade angie. Fortunately, the "effective®
damping of the water‘system is so high due to pump action that
the variations in Bt also become unimportant, That is to say
that, in this system, By does not vary over a sufficient range to
effect the final result, The effect of variation of Bt 13 clearly

- 48 -




" s T RIS ACLAAY BB S L e

o

shown in Part C. Also, Lo some extent, the variation of Bt is
conpensated by the varlation in Kpe This can be seen by studying
tie yf'/0< transfer function, A
Determination of Wyt Was the siuplest Lest of all, Consider-
ing the confusion which has ex’sted in the past abeout the "Kinelie
Reaction" phenomcnon and "secondary resonance', it was nost
gratifying to obscrve the watar oscillating vigorously in the.
tanks and heing able to detect pg motion of the tank system at

the "secondary resonance" freguency.

D, System Response Studiss = (Controls Off)

Now that we have determined the paraneters of the ship-
water system, the next step is to determine the transfer responses
Indicated in section A cf this chapter. Three experiments are in-
cluded under this headinz, The first is determination of the

]
ak s
ship-~water response, -Q-, Wi

¢t

h = 0. The second is the deter=-
9 1

ninaticn of the active ship response, __%c& with}ﬁ = 0, eThe

third is the deternination of %tlie passive ship response -—*23 with

v

X = 30° and pump not runaing; representing naximum Frahm damping,

1. Iheory
The equations for each nof these cases have already
»2en worked out and presented in dincnsionless form at the begin-
ning uf ilnls chapter. Using these equations and the experiment-
ally determined parameters we zet for the transfer functions ine-

voived in these three testss
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. g 2
Doutl . g g (p) = =026 (- Gy ! (8)
75 ) 292 h 1 - (=5%+ j0.04 (755-2-)

p=0 .222

Equation (3 as a function of frequency is plotted as the
solid lines on Figure 20,

2]
-£-t = K,K3G,(p)G4(p) =

7ﬂ= 0
1.28° — O - i) (9)
- . f \2,. .1 a E 212
El“( 222) +J(5 "")3{-'.“( 03) +J.039]-oo<3[1-(.3 ) ]

Equation (9), as a

fuoction of frequency, 1s plotted as
solid lines on Figure 21.

-

0.242

T R
R S W LIV S TR S

Equation (10), as a function of frequency, is plotted as

the solid lines on Flgure 22, It should be noted that in equa~

tizn (10) the value of Q = 3 is used, ‘not the value of Q= 0.19

as in other tests., The reason is tecause the pump blades are
open and not rotating, This value of Qt = 3 gives the hest check

with the experimental data, In addition, the value of Qs = 30 in-

stead of Qs = 25 is used. The experiment corresponding to equa=-

tion (10) was run during the warm summer months, As a result,

Lo




the ship d mping was decreased resulting in a Qs higher than that
for previcas tesis,
2o Izzerinent _

"o obtain the ship-water response Qouv/?;’ the éhip was
driven by eoscillating the pump water by means of a signal derived
from the sine-wave generator, The wave slope bar was fixed at
30 = 0, Bxperimental points arc plotted on Figure 20,

To cbtain the active ship response ¢/ oy the same pro-

out
cedure was ©olloved but we neasured o instead of ¢ « These

points are clotted on Figure 21,
9
7&? s the system 1s driven by the Stevenson Link

riecnanisnm itk the pump blades fixed in the wide open position,

Tc obtzin

lixperimentzi points are plotted on Figure 22,

3.
inspection of Figure 20 indicates excellent correlation
between iheoretical and experimental data for egg& ¥y . We
g |¥=0

would expecl good correlation here since reference to egquation
(5) shows that this ratio depends on constants which are known

" with some precision and also on the ratio of rutual terms to

ship terms, both of which depend primarily on inertia and form,

and should %Le reliable,

Inspection of Figure 21 indicates what was unexpectedly close

)

agfeement between theory and experiment for -%E?l +=0° Re~

! ferencc to equation (%) might lead one to expect considerable
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difficulty in correlation in view of the non~constant pump para=

e

neters which appear in this equation, However, the ship charac~
teristics override the tank characteristics in this system so
that non-linearity in the pump has little net effect on system

] operation,

Inspectiscn of Figure 22, showing %%n, agaln reveals unex-
pectedly closa2 correlation between theory and experiment, In
this case of Frahm damping, the system is highly sensitive to the
ratio flt = gf 3o that some of the discrepancy observed may re-
sult from that,

In general, the results of these system tests, (controls off)
show unexpectedly good correlation between.experiment and linear
theory and lead one to hope that actual stabilizatlion results
may likewise be predictable, This we shall investigate in
Chapter VI, ]

E. Concluding Remarks

We have established notation and derived the transfer func-
tions of the ship-tank system. Experimental determination of static
and dynamic system parameﬁers as well as transfer characteristics
in all cases agreed well with linear theory. The crucisl test of
the theory will come when we operate with the regulated element s

8 part of the closed servo loop. However, before we cen cheek over-
1 all performance it is necessary to have the equations governing
. ) the regulating elements in hand, Thie is done in the following
k. . ) chapter. *
- 52 -
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V: STUDY OF CONTROLS: THE REGULATING ELEMENT

Refer}ing back to the treatment of ship-stabilization as
a servo problem in Chapter III of Part A, it is seen that in

the preceding chapter we have evaluated the factors:

9out
[o. 4

B = Active Ship Response

c= _5in
Y

It 1s apparent that, In order tc proceed to the case of stabilli-~

Passive Ship Response

zatlion, it 1s necessary to evaluatei

A = _OK_ = Controller Response
4]
Once A is deternined, the evaluation af overall stabilization

follows immediatelyt

9
Overall stabilization = -y-e}— = —An . —ée:;x =C . -i-;k—g

The elements which comprise A are shown on Fig. 8 and
iisted on Page 12, All of these clements are well undarstood
devices 60 that their theoretical treatment will be kept to a
minimum, The primary interest here is to determine what )
actually is in this system so that we can proceed to check the
validity of the lirearized theory. At the same time, the per~-
formance of the system is also of interest. As previously
indicated, vhile certain necessary improvements have been made,
no ettempt was made to optimize the characteristics of A. 7Thus,

what follows 18 a brief theoretical treatment of each slement
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along with experimental determination of the'element paraneters
and transfer response. Comments are made on how each of the
elements could bhe improved,

We will be particularly interested in the distribution of
control lags among the various links in the control chain,., As
indicated in Chapter V of Part A, the elements which must pro-
vide the strongest force should produce the greatest lags. If
this 1s not so, one should beeoms imrediately suspicious of the
correctness of the system design. It will be shown in this chap-
ter that this rule-of~-thumb is grossly violated in the model
system set-up., A similar situation may well have caused the

difficulties in the pre-war installation on the U.5.S. Hamilton.

A. Roll Sensing Element - The Accelerometer

The desirability of using an accelerometer as the prirary
control signal source is discussed in detail in Part C of this
report. An angular accelerometer is used here. Instrumenis of
this type are well understood.

1. Theory

The equation of motion of the angular accelerometer is:

‘.- 1 e L4
9= ;m':?—(;acY +B, r+K,, T)
where
Jac = moment of inertila of weights
Ko = constant or restoring springs
e = viscous damping constant

.+ b
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¥ = angular displacement of weight relative to

ground
o =vK_ /7 = natural frequency of the aaccel-
ac ac’ "ac erometer
0 = angle of ship's roll (as before)
From above?
v X 2
© = ‘“l~§ (P™TaetP By *Kyo) ¥
2nr
I _ omr? _2mre . 1
¥ % T e ek K P 2 1 .
P Yae™P Pae™ac a G g~ I+ 12
ac ac ac
where 0 . = wac/“’s
e = ®aclac
Bac
2 _
2mr~ = Jac
thent
e v
he N 2l . 5 1 (11)
@ ae (f{ ) o+ ) 1 (ﬁ? )+ 1
ac ac “‘tac

wheres V, = volts/%adian/secz.

In this application 1t 1s often desirable to use the
transfer function el/e instead of el/g. For this we get:s

= 5 =Ko, (12)
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From the exzperimental data in the following section we

have:
Ky = 85 volts/degree
W, = 6 .28 radians/sec
e = 0.6
putting these values into equation 11 gives:
/6 = 5.5 «x 1
- I 39.7 )

1-f~ + %23“

"
The theoretical respinse of el/e as a function of frequency

1s plotted as the solid curves on Fig. 23.
2, Experiment
A serles of several tests were run on the accelero-
meter. In the test set-up, any motion of either the tanks
which are keyed to the main shaft, or of the accelerometer
movable element, results in a modulated 200 cycle signal being
fed te a demodulator, amplified, and recorded.

a, Transient Tests

The purpose of the first test was to ascertain
the natural frequency of the accelerometer. (f,, = mhc/é')'
To do this, it is only necessary to remove the damping oil
dashpots, deflect the movable element, and then release 1t
and let 1t oscillate. A record of this motion is shown on
k-3 on Fig. 23, The natural period is obtained by measuring
the time between corresponding zeros, Since each horizontal

division on R-3 represents 1 second, it can easily be seen

-“-
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that Tac = 1 second so fac = 1 ecycle/sec., The damping observed
is friction damping in the meczhanism,

The purpose of the second test was to adjust and measure
the total damping with o1l dashpots, 'Damping is adjustable by
varying the viscosity of the oil in the damping dashpots or by
varying the openings in the ports in the damping paddles.,
Several combilnalions were tried with typical results indicated
on records R-%¥, R-5, and R-6 on Figure 23, It can be seen that
with orifices closed and SAE 50 oil, the accelerometer is highly
overdaemned., With SAE 3C and ports half closed it is somewhat
underdamped. With SAE 50 and the ports open the damping is
about 854 of critical. This accelerometer 1s unsatisfactory
in its present form since its damping does not remaln constant.
However, it is simble to read just and this was done before con-
ducting any tests to verify regions of instability. The damping
vwas checked by simply deflecting the movable element, releasing
it, and observing its overéhoot. The result was then compared
with normalized transient curves in (11) to deduce the damping
factor,

b, Steadv Stete Tests

The third test was designel to de‘ermine the ampli-
tude and phase response of the accelerometer with the damping
factor set at 0.8%. Unfortunstely, no means were available to
test this instrument much beyond one-half of its natural fre-~
quency. However, the accelercmeter is such a well-inown

instrument that only a few poiats need be determined,
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The data for a typical test run are plotted as experimental

points on Figure 24, It is clear that, for the test shown, the

damping corresponds to about 84X of criticsl damping. The
anplitude data {s quite poor since it is very difficuit to

obtain smooth drive. The slightest deviations from sinusoidality
h in the rolling is greatly exaggerated by tha p2 multiplicr of

) " ® resulting in considerable distortion of the recorded wave forms,
i . The final test made was to determine the accelerometer
transfer function constant Vl. Vl should be large for high

sensitivity, 1.,e,, large voltage output for small accelerations,

The procedure was to roll the system with the Stevenson Link

Mechanism, recording amplitude and frequency of roll and the

corrasponding voltage output of the accelerometer's moving coil

system. As a2 check, this experiment wes run ai three different
frequencies. Prior to meking the steady state tests, the value
of the damping factor was redetermined from step function tests

and found to be 0.6, Thus Q,, = 1/1,2 for the folloving calcu-

————

lations., The transfer function of the accelerometer is given

in equation 12, V, 1s a real constant vhich ve wish to deter-
nine, Fromn equation 12;

. | 1= ;1"( )2*«3-:-( *a

ilae L TE
A
(nu)

.t 4 e
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Therefore, 1f ve know Q, ., @,,, 8, and ey at a given frequency

we can obtain Vl. The data for this test ere tabulated below:

\'4
Frequenc 1 s g ~t24+4r +1| yolts
(cyc/sec Qe 3) e 1 Tegree
\1515 1.2 L130 ,0230 ,985 5,56
«220 1.2 242 L0485 _«968 4,83 B

- - Ao san e T —

- Note that p/'wac = %%zﬁgi = Jf since £, =1 cycle/second

"It will be noted that at a frequency of 0.22 cycles/second,
corresponding to 6= 20,75 degrees/sec2 of the ship, the value
of \£1 is below its lower frequency values. This indicates
limiting in the bucking coll system due to moving too far out
of the magnet poles., From this we can estimate that the accel-
eroneter voltage output is linear with acceleration up to
5 £ 20 degrees/%eca, above which limiting occurs in the moving
coil system, '

Final data on the accelerometer characteristics asre indi-
cated belows

Natural frequenc

1 cycle/second

Damping factor = _1 = 0,84
2 Qe
Qe = 0.6
Phase Lag = 100%/cycle/sec/up to 1/2 cycles/sec.
{nearly linsagf
41 =

5.5 volts/degree (average)
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The most obvious defislency in this accelerometer is its
lack ¢f constant damping. This condition need not and should
not be tolerated in future installationz, Both the choice of
nawural frequency and damping will determine the phase lag
Introduced by the accelerometer, Theoretically, one is con-
cernsi with obtaining minimum phase lag commensurate with ade-
.quate sensitivity, Practical considerations of mounting an
accelerometer on & ship's hull must be carefully considered.
Compromiises may be necessary to maintain acceptable signal to
noisa ratios from the sccelerometer output. For instance, on
the U.S.S.Peregrine, lirear accelerometers were used, These
were separated by almost the entire ship's beam to get increased
sensitivity. Unfortunately, the hull vihrations at opposite
sides of the ship were nst of equal amplitude; neither were
they in phase. This resulted in an unbslanced "noise"” signal
fron the a2ccelerometers. Instruments of this type should be
designed with the particular application in mind, A vital
point should be kept firmly ir mind for zny further work with
m6d91 systems., It 1s necessary to scale the parameters of

the control elements as well as those of the ship and tanks

to obtain useful answers on stability and performance.

B, The Servo-Amplifier

In this system, the control amplifier is an electronic
device. As such, it is probably the .east expensive and most

wr
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flexible 2f many possible amplifying devices. It suffers trem
the poor ipherert reliability of most existing electronies
systems and thersfore is not ;;cessarily an ideal choice for
this purpose.

1. Theory

The low frequency response characteristics of the servo-

amplifier are entirely determined by the differentiating circuits,

"Only the differentiator 8 —»>6 is ever used. If 6 alone is used,

the response of the system is a constant depending on the gain
settings only. Regardless of how much of the derivative control
is uced, the frejuency characteristic of the last stages of the
anplifier operztirg around the 2C0 cycle carrier is also a con-
stant independent of the setting of the gain controls, Therefore,
the nnly transfsr function which need be developed analytically

is that »f the 4differentiating transformer. Of interest is

Zout s the ratio of output voltage to input voltage as a function

®in —
of frequencye.

Referring to the schematic dlagram on Figure 25, the
differential equations for a differentiating transformer circuit

ares

o*» 0

Ryl + pLyi, ~p ML) =0
By algebraic manipulation we gets
Sout _ Eg?"

*m  RR; - p ML, + Rly) + B0 (L, - )
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from this ve get:

°out - R2 5

e

in 3231/%4 + RiL, + Ryly 4 (L1LyH7)
p M M

Tow observe that this equation has the identical functional
form »f the ratio of voltzge output across a resistor in a series
circuit consisting of R's, L's, C's to an input voltage. In such

a seriss clrcult we get:

e
cut _ 1

cH = const,. R+pL+ L

n —

pC

by analogys
= ¥/RRy
= LyLy-
M
M
30 wp = 1 - /BIRZ
o =a L . [RR L)
R R,Ly + BoLy
. using these relations we gets
o 7y :
: -1t S T L = K G (p) (13)
. ‘13 9 (2)2*1‘2)"1 95
. Qy ¢ g where (1, = 7}
@
8
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Therefore, the actual amniifier transfar fonetkirn is3

P
Ry B 1
Ay 7y

It should be noted that at very low frejyuencier and large
values of M, the transfer function ®out 1is identical in form

e
In 3.5 equivalent circuit

to that obtained from the simple
shown on Figure 25. The R-L circuit is a well-knovn differ-
entiator so the action of the transformer coupling at low fre-
quencies siaould be identiczl.

Terman, in his 3rd edition of "Radio ; r:izineering™, p. 246,
shows the expected gazin variation and phase shift of such a
coupled circuit, This plot is reprcduced s:hematically on
Figure 25, It indicates that at the lov fr.quency end of the
spectrum the amplitude rstlo varies at 6db/cctave and the
phase lead approaches 90°,

2. Experiment

Both K8 and K9 are variable galn controls. KB
governs the magnitude of the 8signal. K9 governs the magni-
tude of the © signal. It is necessary to know the gain corres-
ponding to each setting of these contrels. For Ka this 1s
done by simply measuring output/input ratios for different
values of the 8control. Results of this test are plotted on
Figure 26. It can be seen that the variation of Kg 13 essem-
tially linear. For future use, Kz = 0.095 x § ga'n control
setting,

-63 -
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It is therefore necessary to modify the voltzge ratios
measured by the frequency charocteristic of the differentia-
tors before arriving at a true valueﬂfqr K9. Actually, in
addition to the frequency characteristic of the differentiator
circuit, there is a frequency characteristic intrsduced by the
input demodulator filter which is not negligible. These
corrections are obtained from data presented in the following
paragraphs, The test runs were made at two different frequencies

for check purposes, The data used to make the corrections ares

f, = 4.3 cycles/sec.
QL = 0.35
& = 0,82 = factor'by vhich Kq must be reduced due
0.5 to gemjdulator filter response at 0,5
cycles/sec,
= 0,98 = factor by which K? must be reduced due
’-

6‘0 .82

to demodulator filter respciise at O,
cycles/sec.

e
8o Kg (0.5 cycles/sec) = %2 x 0.82 x 11-(::? * I = 8.8 %2
°1 1
3 &

0,82 1. =
xb ¢ eycles/sec) p
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These were the multiplylng factors used in determining the
values of K9, plotted on Figure 27.

Inspection of Figure 27 indicates that the K9 variations
determined at two different freguenclies arc ccsentially paral-
lel 2nd linear but with a fixed separatisr., This discrepancy
can bhe attributed to the difficuliy of :eaéuring the e2/el ratio

due to noise signals in the amplifier distasrting the wave forms

"and making reading difficult. An averzgs between the two sets

of points ropresents a reasonable indicaticn of actual perfor-
mance and this will be used in future worx. From this average
we get:

K 0,865 x & gain control setting

9
We now have the gain constantes Kg and Kg, both of which
depend on variahle front panel gain control-, The gain constant

KlO of the section of the amplifier which operates at the 200
cycle level is fixed once certéin internzl zain controls have

been adjusted properly. This constant will, however, vary
depending on whether the additional amplifier stage shown on
Figure § 1s switched in or out,

The average value of KlO is:e

Ko = 66 with extra amplifier out
The gain of the extra amplifier is %,+., Thereforets

Ko = 66 x W% = 250 with extra amplifier in,




Now all that remailns is to determine the response of the
differeutiating transformer and the input demodulator low-pass
filter asnd from this determine QL and o e

The respinse of the input demclulator filter is plotted on
Figure 78. 1In crder to obtsin this response it was nccessary to

compare its zction with that of the *test demodulators described

previously in this veport and then correct for the lmown response

[ -

of the test demodulators, -

The overzll response from amplifier input through the first

m e v

differentiator was next obtained, Tho data are plotted on Fig-
ure 29, In order t5 obtain the actusl differentiainr response

it 15 necessary to correct for the action of the input demcdu-

lator filter. These corrections are obtained from Figure 28,

Iy oy 0 ey v 7 e b

The resulting response of the differentiator alone 1s alss shown
{ on Figure 2¢. Thorefore, {rom the data on the differentiator
| alone, we Aeteraine
£y = 4.3 cycles/second
The value of QL 18 estimated at C.35 from comparing the
E curve of amplitude response of the differentiator to norumalized

data in Terrman's "Radlo Engineer's Handbook," page 1k0,

Thus the finzl data on the ssrvo-amplifier are:

. o = ¥ rh = 27 radians/sec. K9 = 0.865 x 5'ga1n control setiing
Q, =0.35 Ko = 66 without extra amplifier
Kg = 095 x 6 galn control xio = 290 with extra amplifier

¢ setting ' ~
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A few morvre weris will be said about the servo amplifier,

The use of differern=liators to advance phase of control to com-

rensate for system rhisse lags 1s no longer widespread, What

is actually wanted is an equalizer-amplifier In which the

resporse as a raneti-n of frequency 13 controlled in a prescribed

2lements, and of *nz ship-tank system. Furtnermore, it is
certainly possible => c¢ostriuct gn asplifier which is not as

troubled by ertrsnes i signals or as difticult to adjust.

C. Szrvo-Motor
1. Theory
The motor iz =z two-phase inductlion motor with a high
resisiance roter, IZ we asswre that its o:tput torque is a
linear function of i*: Input voltage, then:

o0 4
Torgque = Jm/_f; + Bm/3

~here J_ = totzl inertia »f motor including gear train

W
1

m tetzl friction resistance on motor shaft

angle 5 rotation of rotor

2

now /3= (x3 . const.) since, due to gearing, the
veru_Cﬁl displacement of the valve rack is
diree=ly proportional to 3.

y

Aiso Torgque onst., (e') (sinece tovjue is proportiocnal to
3 D

voles)
‘ nstant
so X,/ e, = —=z=stant |
1/ 73 pzlﬁ ¢ p Bm
. @
ncw define «, = B /J_ and 41 = 62
= - .
L J Bv—‘ 8 2
then X, /e, = = = K G (p) (18)
173 P 676
(- ‘) -P(-‘E-‘n )
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' I crder to oblain ithe closed loop tr:rsfer function
Kéc-é(p) ve need only apply the silandard feed back amplifier
spproach, i.e,?

- 3
2

2 = VX

K
X;/ey = Ky gKeGe(p)

X
1
then YT 't -
: es V2Xl = KIOKéG()(p)

t ]
Xy PG ()

so == = - T

e2 . I(' ]
14 VK, KgGg(p)

1 ]
Kok _ K105
L e K K ()T ) s K
] hi ’ v 7
G")(p) 27LGT6 QO ° 1076
iy
; L _-./V2
P/’/Llo 2 1 P/ﬂo

sl IR Shcomeiupmmers] mompsmmgind It 1
YK oKg K] Ko V7K oKg

gk i

= = K,G, (p) {16)
2 676
(B o+ L (_..2_) + 1
Q U L
where Q= YVoK Kg K¢ = 1/72
Q ’ T
m QO@KIOI%
©p T QW
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From the form of equation (16), it is clear that the Q of
the closed motcr loop depends nn the loop zain as expected.
Also the "natural" frequency of thz motor Is gqultiplied by a
factor dependent on gain vhich detarmines =he actual recsonance.

The S:rvo-notor was the sbjlect of coensiieratle
attention hecnucze _of instability on the ¢lised loor defired by
KéGé(p). The resulting oscillations were pzrticularly trouble-
some vhen atterrts were made to check transfer characteristies
of valve versus piston, blade angle wversus water, and all other
tests which deperded on a2 smooth sinusoidzl -rslve drive, The
instanility was remsved by the addition »f =zn eddy current

damping ~heel on the motor shaft.

n Lsop Transient lests

A tynical open loep step Tuichion response of
position vs. time for the modified motor is shown on the lover
record of Figure 30, The upper recard shov'z * =2 cZame response
for the wnmodified servo-motor. It is aprar:nt that the ﬁotor
time constant, T, , has been reduced from its original value,
meaning that w, = l/To has increased. Since w, = Bm/ﬁm, this
means the motor damping was increased more then its inertla,
The data for the open loop determination of T, derived from
Figure 30 are plotted on Figure 31, From tnis plot, a good
value of the "true" unsaturated time constant is:

To = 0,07 seconds,
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This value is not however c¢hbtainad in sctaal present practlce

due to ryery rapid wation »f the servo-uslor. Thic effect
shows up vividly in the followlins test,

i1, Clozed Loon Trzaslant Tests

Ansther way of iztsrminirg the tire eccoastant

of the tor is to nerfora 2los23i Loop ciep function trancient
tests. From the dasz cbialined i inese lestis 1t 1s possible,

by cormparing actual curvés to curves in (3l), to obtain a fair
value =2 the motor tine constant. Typical <ata of thils type are

shovn <n the lower five records 7 Fignre 22, These records

were ezch obtained in exsctly the scme veary but with opne signifi-

cant £i7fererce, The defllection £ the rzlve from zero is

differznt in ecach zes:. DLole the corresgonding dilfercuce in
time czrstants cohtzined &5 Indics-3d bmlow cach record., With
large wvzlve deflectizns and c¢ovres: wdingly large voltage sut-
put froom the feed back selsyn, thz motor is much over-satursted,
1.e. torque #(const. x volts). Witk smell deflections, the

notor is less saturzted znd the time constant approzches its

(%]

oren lcop unsaturated wvalue, I% i35 Imporiant to note that even
for valvre motions less than 0,1 inches the nmotor iIs saturated.
This irdicates that in opcration, this particular motor is
almost zlways saturated.

iii. Closed Loop Steadv-State Testis

The next step wes to perform closed loop

tests of the servo mator to determine its overall response,

-0 -
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ure 33, From the dabta shovn on Figure 33, depending on ampli-
tule of valve rotion, valuaz of To oblrined differ by over 50Z%,
Thus again we sce the effect of saturation due to large valve
motions, The 21 pracsure seemns Lo introdice a negative capac-
ity losding, This is evideaesi by the fach that wibth n» voltage
on th2 motor, -2 vilve tends to accelerate in the direction of
an initial displacesendt, The loop can be stable with oil press-
ure off bub hec:ona -arstable witn it on.

iv., Oren Loop Steady-State Tests

I% is necessary to try to pin things down a
littie more at *his point. In this cormection an open loop
steady-state test wsa rin dn the motor, Data from this test
2re plotted on 7Tizire 2., For this test the amplifier was in,
01l preszure o and fhe selsyn uvns ot of the loop. The motor
tinme constant iz obhtzined by Aeterminine the frequency corres-

ponding to 135° rhase lag. At this point w = w

o* So, from

Figure 34:

w

o = 27 x 0.9 = 5,65 radians/sec

1
i

- N Arird
so To 5263 0.177 seconds

This figure agrees pretty well with thcse obtained in closed
loop transient *ests, The main interest is the functional
form of the opern loop response. An "ideal"™ servo of this type
would never exceed 1£0° phase lag., This servo is up to 202°

lag at 4 cycles/sec. The ad4itional phase lag due to either
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sticking, back lash, sr some olher non-linear phenomenon 1is
wha¢ caused the motor to oscillate in the first place., Evi-
dently, the eddy current damper has done some gool. However,
it 1s obvious that thls servo-motor is not adequate for the
desirned piurpose. Elther a neow nator or some other device

performing the same function would be needed,

ce wn wee =i, Delermina¥ion of Selsyn Coastant, Vs

The valve feed back selsyn constar®, V, (volts/inch),
wvas oh»tained by feeding a constant signal ints the amplifier
rrolucing a constant voltage into the closed loop descrived
by KéGé(p). Due t» this signzl, the valve was deflected by an
amount proportional £> the setting of the valve gain control,

Lrd

The ver’atioim of valve position versus valve cortrol setting for

~

a given input signal was determined., These data are plotted on
Figure 35, From Figure 35 we get:

-

Vo, =1 3,69 x Valve gain control setting

vi. Final Results

From the above section we know the value of V,
unequivocally. Similarly, from amplifiesr tests we know the
value of KlO both with the extra amplifier in and with it out,
There are two constants of the motor W and Ké, which have not
yet Leen determined in a ¢lear-cut fashion, We can obtain Ké
frc1 the closed loor steady state tests from the relation:

' Qm _ .y
K¢ = KISV;— = 1,29 x 10
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The amplifier gain was reduced to improve stability since

the data plotted on Figure 33 were taken. With present para-

neters:

SO

- - .-

and

then

fp = 0.455 cycles/sec (amplifier in ~ valve gain
setbtirg at )
£, - 0.280 cycies/sec (amplifiar out - valve gain
setting at k)
Vo = 1+ H9(+) = 3,76 volts/inch
Qm = 0,376 (amplifier in) e e R
= 0,179 (amplifier out)
w, = enfy, - 6,29 x %f%gg = 7.6 radians/sec f{amplifier
Q in
= = 6,20 x 2.286 _ 14 radians/sce (amplifier
C.179 out)

It is apparent “h=t the motor is still ssturating,

aitlhough not as much as vefore. For sivrlicity, ve will assume

an. average «_ = 8 raiians/sec in fubtire calculations, This

should

o
not make the calculated resuits fer from reality,

Below are the final values used for the servo motors

w, = 8 radians/sec.,

Kg = 1.29 x 107

Vy, =1+ 0.69 x valve gain control setting (volts/inch)
Q, = v0.037 x ¥, with extra amplifier in

= /0,0085 x V, with extra amplifier out
Cp = Qp @
= l/V2 irches/volt
= 290 with extra amplifier in

&
'

=
[
9

66 with extra amplifier out
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Due to saturation, the =stor is the weakest link in this
control system, It introduces phase lags far in excess of vhat
¢3ild be expected from such 3 3evice for the fregusnecy vrange and
powar level covered., Decaur2 of this saturation, it iz 4iffi-
¢ilt to pin down the motor pazrzmeters to values that can be
fu;ly trusted. Fortunately, <he final results do checx fairly

well indicating that the valizs of the parameters listed above

ar2 not too far off. Certaiily, hoﬁever, some of the iiscrépancy
in the firal results is due %5 the ahove approzimations. Going
ah2ad a bit to Chapter VI, 1% is seen that this servo-motor is
providing most of the phase l:z 5f the system. Clearly tlen it
is violating ths concept of “oontrol difficulty factor" out-

lized in Chenter V of Part A.

D. Yydraulic Amplifier

The positioning motor uzz? in the model system is 2z aydraul-
ic device. One would expect thzt this system component would,
de to its mass, introduce t-a2 greatest phase lags into the

system. As will be seen, in *‘he model system, such is not the

case.,

1. Theory
In this hydraulic 2%l system, the linear motion of a

valve opens high pressure poris causing pressure to be pat on
a viston driving it in such & direction as to tend to close

the ports. For this particilzsr system, it can be assumed
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that the velocity -I the piston is proportional to the dis-
placement of the valve, i.e., the am»mnt of valve opeuning,
Thus we can say that:

X3 = X, x const.  (Refer to Figure 8)

S0 X3 = (Xl - X3) const,
and (p + const.) X3 = Xy . Const,
const, 0
$0 X3/X1 = T+ const. = !(.7G7(p) (17)

Note that if <re constant is large (very high pressure)
this response funciion will be quite flat to appreciable
frequencies.

Since the hydraulic amplifier is not a rescnant systenm,
there 1is not much t> be gaired in normalizing its frequency
scale.

From the experiments discussed in the next section we get:

K, = 78.8 rziians/sec

Substituting this {in the above equation gives:

- 78.8
YA = mE+ e

Values for X3/'Xl as a function of frequency are plotted as
the solid curve on Figure 36. The points shown on Figure 36
were determined by experiment,
2, Exveriment
Deternination of K7 in effect determines the entire

transfer characteristic of the hydraulic zmplirfier. It turns




|
out, however, that this constant is so large that at the high-
est frequency at which we can drive the system, the ratis x3/x1
has dropped only about 1C%. In order to determine K7 accurately
it would have heen desirable to reach at leas®t the point at
vhich Jp| = K7.' Hovever, ihe estimate below should be useful
anyway .

In making this test, the valve is driven sinusoidally by
the servo-amplifier vhich is fed by the sine wave generator.
The output of the feed-bac% selsyn geared to the valve glves
valve position., The sutput of a selsyn linked to ﬁheAblade
angle shifting shaft gives hydraulic piston position, Both
signals are fed t5 the Brush recorder and the relative amp-
litudes and phases are determined. The resultant data sre
plotted as experimental points on Figure 36.

In order to estirate K7 from the data we have:

|;f| - “’lz,mzﬁw|=.4<;‘zzzz" S‘?‘?VT%

Using this relation at the three highest frequencies we gets

2
= £.901)° (2v x 7.2) _ g} .0 at 7.2 ¢ cles/sec.
:7 /1 - (0901)2 : ¢

similarly K, = 75.2 radians/sec at 6,1 cycles/sec,

K, = 774 radians/sec at 4.33 cycles/see,
so K, = 78.8 radians/sec. (average)
With this high valuve of t7 ve c¢sn certainly assume thnt
the 8707(9) response is constant over the entire range of

‘ﬁ-
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frequencies at which the ship rolls to appreciable angles (all
below 0.5 cycles/second). The phase data for the amp11f1;; is
not pletted for two reasonst First, the phase lag is essentially
zero well above the highest frequency of ship rolling. Second,
the amplltude of valve motion due to the driving moktor response
dropring off at high frequencies 1is so small, that data are
extresely difficult to get, It is estimated that at the highest
frequencies used (7.2 cycles/sec.) the maximum phase lag is 10°
+ 5°,

From these data alone it is apparent that the hydraulie
blade control, from the frequency response viewpolnt, is actually
the strongest link in the chain of servo-components.. Two
things are not in its favor hovever. The first is that at high
frequencies and large valve motions the o1l pressure drops radi-
cally with a resultant decrease in performance. This is actually
due, hovever, to an inadequate pump and should not rightly be
charged ageinst the hydraulic amrlifier. Procvision of a pump
with grester capacity would eliminate this undesirable charac-
teristic, There 1s a second effect in connection with the
hydraulic amplifier which 1s not predicted by the theory out-
lined but which definitely effects the system operation., It
has been observed that if the rack linking the control valve
to the cortrol motor is removed, leaving the valve uncoupled
to anything bui the hydraullc piston, the valve undergoes a
relaxation type of oscillation, 1.,e.,the valve falls slowly
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due to its own wvelght and then some unbzlenced pressure snaps
it back up again. With the valve rack in place and the system
together again, this oscillation 1is zot observed due to the
heavy load ot the gearing, riotor and selsyn on the rack. That
this oscillation effects system performance 1s eviderced by the
closed loop response tests of the msotor, with and without oil
pressure on, plctted in the previois ssction., The cause of the
effect 1s undoubtedly soue unbeslance in the hydraulic system,
This was not investigated since it rzpreszented but one of many
interesting side effects not directl;” relzted to the primary
purpose of the rrogram,

‘Tt should be noted thzt. the units of K, are in radians/sec,
From its average value of 73.8 it can %tz estimated that the
hydraulic amplifier responsz will be doun 2 db at a freguencys

£ = %%ﬁg = 12,65 cycles/sec.,
From the data obtained this seems to be a reasonable figure.
E Thne hydraulic power ariplifier frequercy response charac-
teristic is worth a second look. It 1s the control element
which is providing the major source of control energy to the
system and yet it introduces negligible rhase lsg. 1t is
true that the particulsr hydraulic ampiifier used with the
model system dces introduce problems, On the other hand, it

should be clear that a main power element can be obtained

1 with similar frequency response characteristics but without
the essociated difficulties encountered with this particular
device,
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E., Concluding Remavrks

' We have de<izrnined what we set out to doj namely the para-

meters and tlie frequency response chzracteristics of the con-

trol clements. No attempt was made to improve on these ele-

nents, althouzh in each case major arcas of improvements were

obvious., It wzas zscertained that the main powver producing
. element, the hirdraulic amplifier, introduced considerably less
control lag than either the accelercreter or the servo motor.

This state of =ffairs obviously represents poor design, since,

in the ordinery c=zse, one would expesci to be able to design a
system In which most of the leg vas concentrated in the element
doing the m23% vork. In Chapter V o7 FPart A, in the section
on "Difficulty Fsctlor", it is stzied thet in é ship stebili-

zation systez, 2ue to the low fregue:.cies involved, the burden

70 e ey PN i et s oy

cn the contrsls should not be especisily great. This is clearly

borne out in these model control tests, since the main control
povwer elemert irtroduces regligible phase lag in the systen,
With proper design, the cther control elements would introduce
even less,

Two imporiznt practical conclusions can be drawn from the
experimental results of this chapter. First, it should be
possible to cobtain a control system for even full scale ships
which will introduce small, if not negligible control lags.

Second, hydraulle power ampliflers sre strong contenders fur

———

the role of the main positicning element,

P,
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VI. STUDY OF QVERALL SYSTEM

-

The preceding two chapters have been concerned with a
studyr of the regulated element and the regulating elements by
- themselves, It is now time %o link the tvo together into a
3 unified system and investigate overall systcm tehavior. In
ri . connsction with systen behavior, we are primarily concerned witﬁ

two things:

A - Perfornance
B - Stability

Both 3 these items will be covered in succeeding sections.

A, Ferformance

1. Steady State Theory

The stabilized rolling response of the uystem to an
input wave slope ¥ can be derived from equations 1 and 2 plus
& known relation vetween the pump biade angle ©¢ and the roll

acceleration 6. We will treat the ideal zero time lag case

: where: A§ = KP“' Ais a gain parameter only and is not a
function of freguency. This relstion indicates that the fum;
blade angle varies directly as the control signal as though

* : there were a perfect amplifier in between,

For this case we gets
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where K = A/J's

The valuss of all tarameters but A have heen previously
determined., To obtain 2 we must go aheéd a bit to the experi-
mental data and choose &n experimental value forla/y’lwhich
fits well with surrournii-g data, Using]e/yz]= 0.162 at
f = 0.2 cycles/sec. ve solve for A and get:

2
_ 1b,.ft.sec,
A= 35,1400 radian

This value of A is used to calculate the zero time lag approx-

Imation from the following equation:

8.
Id
r 2
0.2‘-&2{1-("2-6—5) + Tag%;] )

2 2 - 3
(1-Cz5) +35Eall1-Gal3) +1 gragy] - 23(1~(oggp) P~ 27 P L 1<) ]

Results of this calculation are plotted as a solid 1line
on Figure 37,

0}
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It is alrcady known that there is lag in the controcl loop,

Betwcen the actual e signal and OCthere is the accelerometer,
the servo-amplifier, the servo-motor and the hydrauliz ampii-
fier. Since the experiment which is being used to check the
results used only 5 control and no § control, the servo-zmpli-

fier introduces no freguercy characteristic. Alesn, ve have

2en that the hydraulic amplifier has a2 response vhich 'is eccen-

tially constant over the range of rolliing frequencies, There-

fore, we need only allow for corrections introduced by the irans-

fer functions thq(p) and KéGé(p) of accelerometer and servo-

rm>tor respectively.,

It will be noted from equation (18) that the stabilization

ternm is:

K _._-g._
P2 [(ﬂst 1]

fow in order to take into account the control lags, this term

becomess

P? K[K,0, (0) 1K () ) (5

2
Py s 1]
st

vhere K,G, (p)

]
!
[9)]
.
[4)]
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!
+
ea
[
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W
[ ]

L]

and K6G6 (p)

It is necessary to recompute :\ ty the same process as before,

For this we gets

-
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2
- s 1b.ft.sec,
;\ = 30850 radlan

The modified dcota in:luding actual control lags are zls50

plotted as a solid 1l ne on Flgure 37,

~

2, Steady Stat: Experiments

The systen

o ver

was driven over a range of frequencles with
6 =20, 8 = 0, The

stabilized ratio A/¥ was messured., These

" data are plotted 2s ezperimental points on Figure 37.

Following this ¥test, a% each freguency, the 8 and @ con-

trols were varied to rii.imize the rolling. The results of

this experiment show that, over the entire range of driving

frequencies, (0.1 to 0.3l cycles/sec) it was possible at each

frequency to reduce the roll to a minimunm of approximatelys
|o/%|= 0.162

3¢ Transient Tests

A series »f transient stabilization and de-stabili-

zation tests were run on the system to get some idea of how

quickly the tanks could take hold. Records of a representative

group of these tests are shown on Figure 38 for different

combinations of © and § control amplifier settings. For the
de-stabilization tests, the phase of the control was simply
reversed 180° by a swiich and a slight motion i-parted to the

system. The rapid build up in system oscillation is shown on

the upper two records of Figure 38, For the stabilization
tests, the system was driven by hand to large amplitude



oscillations with the controls switched on suddeniy at the
time noted, The results are apparent. An unstabilized damp-
ing decrement record is included for comparison purposes, In
addition, on Figura 38, an 1nd1;ation is given of the effect
of Frahm acticn alone In domping the system's free oscillation,
%, Results
) The results of these tests are very gratifyirg. First,
to give a better'pefsﬁéctive of steady state perfofmance, Fig-
ure 39 shows in one plzce the rolling of the unstabilized ship
(blocized duct), the rolling with Frahm action (pump blades
open, pump motor off), the stabilized rollinrg for one fixed
setting of the 3 end 6 controls, and the stabilized roiling
resulting fron ortinizing 6 and @ controls at each frequency.
it 1s clear, thzt with siahilization, for this particular sys-
ten, it Is possible to reduce the undampred rolling Lo ahout
16% of the forcing wvave slope. For this particular system with
aQg = 25, the rolling at resonance is reduced to about 2.,4%
of its unstabilized yalue, It should be clear that the per-
centage reduction in rolling at resonance is a poor criterion
for stabilization performance. Actually, this percentage is
directly proportional to Qg vwhich may vary over a considerable
renge, even for a given ship, depending on sea, weather, and
loading conditinons, The ratio 8/¥ (stabilized) is relatively

insensitive to changes in Qs’ This ratio therefore has yreater

significance in the specification of performance Now, getting
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back to Figure 37, it should first be noted that the amplitude
scale is much expanded over that shown on Flgure 39 so that
what looks like a high peak of roll amplitude is still actually

quite sm2ll. Figure 37 clearly indicates that the control lags

are relativaly unimportant up to 0.2 cycles/second but that ébove

that frequency they adversely effect stabilization performance.

Considering the wany factors which might tend to cause experi-

_wment todkeviate from theory, the correlation 1s quite close,

This is particulzsrly true when 1t is remembered that the theo-
reticel transfer responses (only experimentsl parameters used)
are being used to determine control lags, not actual transfer
responses deterniired by experiment. It is clear from Figure
37 that it is poscsible, with the nhase 2djustments on the

control amplifier, to compensate, at each frequency, for the

Adjustment »f the controls at each frequency, enatled us to
rrovide sufficient phase lead to co~pensate for these delet-
erious lags so thzt, as expected, the experimental points
followed the zero phase lag theoretical curve more closely.
Not much need be said of the transiert rolling records
of Figure 39, It is apparent that the setting of the 6 and
3-c9ntrols has an important effect on system performance. It
should be noted that the gozl of an efficient stabilization
systém i3 not necessarlly dead beat damping of a ship which
has been forced to roll at its natural frequency. Although
this could probatly be obtalned, 1t wculd be at the price of
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] greatly excaessive welght of stabilizing fluld. Of greater int-
erest may be a system whien will reduce Lhe usual range of
rolling at sea to a minimum, This corn be done with much less
weight of stawilizing fluid, and while it may be incapahle of

handiliug all possiple wave conditions, it will represent a

u

ruch more efficiently used system, This question has been dis-

] ) cussed soriewvhat in Chapter V of Part A and will be discussed

further in Part D,

B, Stability

Referring to Figure 8 which shows a transfer function
block diagram of the system, it is possible to calculate the
open loop response of the system and de‘ermine theoretically
the regions of stahility arnd instahility as a function of the
different control galn settings. This open loop responce is

obtained by multiplying the follow.ng transfer ratios as

indicated: '
1 .%2 .58 .58, Sout _ %out i
e; & X X3 )
0°u+ l
The calculations to determine ) ~ for important combina- i

tions of the useful ranges of all gain controls have been

3 made, Since these represent a huge mass of data, no attempt

will be made to reproduce the data in this report nor will all
- of the resulting performance curves be shown. Instead, three

representative Nyquist diagram plots showing the effect of

- 8 -
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variation of the different control gain parametars are inecluded.

Figure 40 shows the effect of varying the valve (feed back
selsyn)

ey

gain control for fixed values of other gain parameters.
It can be scen that with Llhe valve control set at 2 the system

will be unstable since the ~1,0 point is encirecled., At valve

control settings of 6 and 10 the system 1s stable but would be
highly osc¢illatory.,

Figure 41 shous the cffect of switching in the extra ampli-

fler stage in the servo-amplifier for fixed setting of all other

controls. The effect here is mostly one of increased gain but
the phasing is also changed somewhat,

Figure 42 shcws the effect of different.combinations of

5 and é'controls. It is apparent that addition of 6 control !
makes the system more stable by r=ducing the phase lag in the

closed control loop.

Due to shortage of time, it was not possihle to run open
loop tests of the syctem to obtain expcrimental points on some

of the theoretical Nyquist diagram plots, t was possible to

observe qualitatively, from closed loop performance, that for ﬂ
certain settings of the 8 and 8 controls, reducing the valve '
control to lower numerical values reduced the system's stability

and could introduce self oscillation. Likewise, increasing

the 8 control could restore the system from an unstable os-
cillation to stable control,
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The importence of such Nyjuilst dlagrams lies in counection
with the design of future systems. Diagrams §pch 23 these, or
Bode diagrams, or any phase/anplitude versus frequsrncy plot
vhich indicztes the hehavior o. the system and its components

will enable a rattional approach to design of a stable system.

C. Conclundirs Renarks

In this chaptir we have considered the rroblems of per-
formance and stability. It was shown thet the parformance
‘ndicated rather revarkable agreement betveen experiment and
linear theory.

The word remarzahle is appropriatc when one considers

the number of parameters whotse values had to be "approximated”.

This indicates that the parameter values which are non-constant,

such as Bg, ?t’ Kp, are not "critical®. This is borne out fur-
ther In Part C. Thos: parameters, such as wg,, wg, Wi, ete.,
waich do have apprecizble effect on parfor-iznce when changed,
fortunstely all tend t> remain fairly constant in actual prac~
tice,

Perhaps &s remarkable is the overall roll reduction vs,
frequency perfarmance of the system. I is ceftainly clear

that in glmost every aspect the system could be considerably

improved. From the results of this chapter it is evident
that control lags are the vorst enemies of the stabilization

process., Thu.e should be avoided by all means,
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Stability considerations are a must in any servo problem,

This is no exception. TIi was stability vhich ruined the pre-

wvar efforls of Minorsky at the very peint of fruition, In

1940, the tcols to study this problem were either not avail-

abtle or unknowvn. Today they ars available and are known. No

servo system can be used if it is unstable., Therefore, stahil-

ity is our first criterion. Stabllity 1s necessary in any

servo, alone it is not sufficient. Stability and high per~

formance together are hoth necessary and sufficient,

———

< ——
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VII. SUMMARY AND CONCLUSIONS

The primary purposc »f this study was %to check the validity
of a linearized theory for the behavior of a ship system stabil-
ized zgainst rolling by zctivated tanks of the !Minorsky type,
wherc zcelivation is effected by a variable-pitch propellor
pump. To check this theory, there was availakle a 5~-ton model
system which, neglecting coupling to osther degrzes of freedom,
vias essentially equivalent to a ship rolling in waves,

It was necessary t5 develop cpecizl instrurentation to
conduct the required exporiments,. This was done, end the final
corrrelation obtained between theory and experiment have made
the time oend effort expended on instrumentation problems well
worth while,

The paramcters of the ship-tanl: coupled system were care-~
fully determined. The ship parameters, with the exception of

By, are constants as expected. B shows some dependence on

s
roll angle. However, this variation of Bs is negligible since
Bg 1s small and 1s a relatively unimportant para-eter in the
stabilization process. The tank water static paraneter K, 1is
straight forward as is the dynamic parameter, Jie Both depend
on. geometry and mass alone, As expected, By is neot a constant
coefficient, The contribution to By by skin friction in the
tanks was shown to he negligible compared to the contridbution
of the pump dynamic head loss coefficlent. Thus, B, varies

rapidly with blade sngle. From this, onc might bte led to.

-”-
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expect significantly non~linecar transfer response actinn., This,
fortunately, does not turn out to be the case, Referring to
equations 7 and 7', it is scen that, since Qt is small, we may
expect;ikx,to be proportional to the ratio of g% except at

very low or very high frequencies., Both qusntities vary «ith
blade angle and Iin tre same direction. That is, as Kp incrzases
so does Bt and vice versa, <Thus, variations in Kp and Bt tend
to cancel each other.

Bxperimental transfer responces of individual isolated
elements of the ship-tank system checked quite well with the
responses calculated from the linear theory. In particular,
the‘pump blade angle to tank water angle response was consid~
erably closer to the thesretical response than was erxpected,

Tests vere made of the system both without and with con-

trols. The close zgreement obtained between experiment and
linear theory vwas entirely welcome. There are probably sev-
eral reasons for this., One good reason is that the tank water

system is such a low Q (highly damped) system that even rela-

tively large variation of Bt and Kp still results in a rela-
tively flat amplitude/frequency characteristic. Such a low Q
a tank system means lnherently tighter coupling between tank )
water and ship. Golng ahead a bit to Part C, the effect of

variztion of Qt is illustrated there. Quite low values of qt
are shown to be optimum for activated tank damping. This is
. an important design criterion in any future instaliation of

———-
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a system of this type. Another reascn for the overall linearity

observed 1s that a closed loop servo system of this type is
essentially a feed back amplifier with 100% negative feed back.
In sny negative feed back amplifier, the offect of variation
of systen parameters 1s greatly reduced,

The performance of the'model system is adequately described
by the linear theory developed in Part A. Performance can now
be predicted; something which could not be done before. Thefe
seems to be no reason vhy the same theory could not be applied,
with perhaps some modifications, to full scale ships. It will
of course 2 necessary to review the assurptions made in Part A,
such as coupling to other degrees of freedon, ete,

It must be clear that the system used for these sludles
represents a fixed set of parameters znd parameter ratios. The
rext step is to deternine what combinations of parameters pro~
duces optimum stabilization. This is a process of synthesls,
one which 1is corried out in Part C of this report,

Cetting back to the model system, it would be well to look
at 1t briefly as an actual system. It is gratifying, knowing
how many things abcoui the system can be improved, how effective
a jobh of stahilization it actually does.

Design of the accelerometer leaves much to be desired.
Phase lag can be considerably reduced by raising the natural
frequency. Damping should be properly adjusted and kept con~
stant by usiﬁg silicone oils, for example, and sensitivity
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can certainly be increcased. Above all, the present instrument
has & relatively crude voltage pick~off which has been a source
of much trouble, Accelorometers can gasily be built which are
entic2ly alequate for ship-stzbilization control. They need
not b2 a veak link in the control syctem.

Furt™er, any nndern servo-systen would use equalizing
networks ratvher than differentiators in the amplifier; such
networks heing des’gned after all other elements of the system
have teen chosen so that proper compensation can be ohtained
over a wide range of frequencies, The amplifier will be the

cheapest, smallest, lichtesh and most flexible element in the

entire closed loop. It should be tail:ored to the system, not
the sy:tem to it, Again, there 1s no resson vhy the amplifier
should be a weak link in the system,

The present scrvo-motor terds to saturcte, representing
the weakest link in the existing control system. Certainly,
this urdesirable conditlion can be avoided, With proper design,
there 1s no reason why this element of the system need intro-
duce difficulty,

Significantly, the hydraulic amplifier is the strongest
link in the model control system. This was wuch damned in
pre-war tostsji but, by all available widence, this damning was
based on ~.nsufficlent data. Certainly hydraulic power amplifiers
should nc'; be arbitrarily discarded from consideration, It can

e concluded that if the element with the greatest inertia,
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the one doing the most worl, can hbe designed to produce accept-

by

ble coatrol 1sgs, ik sho.ld be ezsily possible Lo get even
hettar rerformanea from the lover pover level devices,

Finz1lly, the model system used only accelerometer cortirol,
vith acceleration and rate »f change of accsleration as ccrntrol
signzls. Such things as intograted posiftion control, position
contr~l =nd velosclty control couid 21l be added to the system,
Conbinztions of some of thess cuuiruls are corsidered in Fzrt C.

There {5 als> the pussibility of incorporating feed-chead con-

i

trol t> get still further improvement in roll reduction., This

ed in Part C.

z2lso is direx

[#]
[}

All in all, it is evident that activated tank stabilicz-
tion, even in the relatively crude form that exists on the
model system studied can be very effective, It is true, t-at
even betore the war it was effective in model tests of the
¥.5.8, ifzmilton but couldn't =ven be tried irn Ffull scale ship
tests due to irstability in the system. The possibility of
such difficulties arising can be understood by considerations
such as covered in this report. For instance, in the full
scale installation, additional amplification was added to drive
two pump control motors. The motors were different. The hy-
draulic amplifier was different and the accelerometer was the
same, It is almost cortain that the control lags in the full
scale installation loop were much different then those in the

model losp. This rossibility was not e¢onsidered so it is not

- 9% -




- - . e v e - . — v e . . me e - - - e M i —mwm -

surprising that difficultly was encountered with louop stability.

' The unfortunatle thing was that insufficient time was availablie

to really pin dzvn the source of trouble., Fzd this been done,

it is almo;£ certzin that an effective full scale system would
have existed becizre World War II., The dynamic design of the
tank-pump system >n the 7.S.S. Hamilion would have resulted in

T o acceptable perforrance with good -eontrols,

The appliczzility of the linear theory has been demonstrated.

The effectiveness of a "first try" system iIs encouraging. The

next logical ster is to understand the effect of variation of
system parameters. This is done in Part C. In Part D, the
Information ocutlized in Perts A, R, C 1s tied together and used
to attack a hypothetical rroblem of a full scale ship installa-
tion., With tr2 Informatisn contained in all parts of this
report, the wayr Is clear for a successful program of stabiliza-

tion of actual full scale ships by means of zctivated tanks,

—




APPENDIX I
CALCULATION OF TANK FORM FACTORS FOR THE MODEL

The two most important form factors of the tank system ares

8
St =S (T\'Q) ds
0 S
and (8 Ds
s = (—E) ds
Jo

The first, 8', characterizes the natural frequency of the
U~-tube tanks and the second, 8", characterizes the frequency
of secondary rescnance. Thus,

natural frequency of tanks = # §§

ot 1

, frequency of secondary resonance = / §§

st

As defined in Part A, these form factors depend on the
path traced out by the centerline of the tank system taken
relative to the "virtual™ center of rotation of the ship, In
the model this center of rotation is fixed and kaown, while
in an actual ship its determination is a more difficult matter,
This determination will be discussed in Psrt D.

Being given the center of rotation end the placement and
shape of the tanks, it is a r‘hum).y simple matter to proceed
vith the calculation of 8% and . Tigure A shows a cross-
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section of the tanks, the trajcctory of their centerline, and
‘the center of rotation for the model., As is indicated, the
trajectory is divided into eight parts. The factors are then

integrated numerically using an eight-point Simpson's Rule,

A. Calculation of S°'

From 8impson's Rule,

- gt =8 [yo + 2y, + + 2y, + + 2y + + 2y, + '8
=lz oty try o t 54yt 2y, ]

Ao
where o = K&
o
Ao
y]_ = rl ete,
Now from Figure A, we may deternine a table of area ratios:

v?r%%f"; fe. = 1.00 = yg
y1=;-f=-%-:%?; = 1,30

y2=;§=% = 3.43

y3=;-§=%§§ - 5.80

Yu=‘f=%§§ = 6.8

’s“ﬁ;‘ﬁ% = 55 “
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Using these vnlues,

And as

a X . X
- S rle ; ; cx oy 4 o el
S!_Lg[p+(*xl+X2#2.{3+,x‘!?+g‘_5+x6+¢(7+2}
D
Whera X, = -iq
-
1 L cte.
Now from Figure A, ve may determine a table of these length
ratios:
D .
v - -0 - 229 Tt. _ - ‘
Lo 71 75 pg, 7100 =Xg
D
- L. 2.2 -
25 Ml Al 2.’2% = 1.00
D
-2 . 233 -
X2 - L - Zag - 1102
- 08 -~

[l

Sto= *f%‘ (1+3.63%)

S = 10 feet

St o= =% (413,63) = _3,(2.*:},[1_&‘
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